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Abstract—This paper investigates the problem of distributed
energy management for both generation and demand side in
smart grid. Different from existing works, we formulate a social
welfare maximization problem for a more practical scenario by
taking transmission losses into account. The formulated prob-
lem is non-convex due to the non-convexity of the power balance
equality constraint caused by the transmission losses. To solve
the problem, we first transform the equality constraint into an
inequality constraint and obtain a new convex optimization prob-
lem. We then derive a sufficient condition to guarantee that the
new problem has the same solution as the original one. Because
of the coupling in the constraint, Lagrange duality method is
adopted to decompose the problem. Considering the general
communication topology among generators and demands, i.e.,
directed connected topology, we design a consensus-based algo-
rithm to solve the problem in a distributed way. We also prove
the convergence and optimality of the proposed algorithm, under
which the social welfare maximization is achieved. Extensive
simulations validate the theoretical results and demonstrate the
effectiveness of the proposed algorithm.

Index Terms—Distributed energy management, transmission
losses, social welfare maximization, consensus, smart grid.

I. INTRODUCTION
A. Motivation

HE NEW envisioned power grid, namely smart grid,
Tis integrated with smart infrastructure, advanced man-
agement and intelligent protection technology. It is much
more clean, reliable, safe, resilient, efficient and sustain-
able than the traditional power grid [1]. Smart grid is
equipped with intelligent controllable electrical devices and
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advanced communication network, which makes the dis-
tributed control and distributed energy management possi-
ble [2]. Distributed energy management (DEM) is to monitor,
control and optimize the performance of power grid in a dis-
tributed way by using information technology [3]. It plays
a key role in optimization and scheduling of both gener-
ators and demands in smart grid. With distributed energy
management algorithms, the power grid will be more scal-
able and robust, and less operation information will be
required.

Transmission and distribution losses are estimated at about
6% each year, where 10% losses are transmission line
losses [4]. The national electricity consumption of China esti-
mated by China Electricity Council will reach the range of
6, 020 billion-6, 610 billion kWh in 2015 [5], which means
that the total transmission losses are about 36.12 million-
39.66 million kilowatts. It indicates that transmission losses
are huge and cannot be ignored. Furthermore, transmission
losses need to be considered in the operation of power net-
work [6]. Hence, it is necessary to take transmission losses
into consideration for energy management. Transmission
losses are also significant for the accurate formulation of
energy management problem [7]. The existence of trans-
mission losses induces different variations of incremental
cost for different generations. A distributed consensus-based
algorithm was also proposed for economic dispatch con-
sidering transmission losses in [8], which only considers
generation side.

Multi-agent system is promising for distributed energy
management of future smart grid [2]. In multi-agent sys-
tem, it is important to perform coordinated tasks in a
distributed way while the interagent communication costs
are limited. The communication cost of protocols with
directed information flow is smaller than that with undi-
rected communication topology [9]. Besides, with integration
of smart meters and controllable electronic devices, dis-
tributed energy management strategy for smart grid should
be highly scalable [10]. Considering the directed com-
munication can strengthen the scalability of distributed
energy management. In communication network, there are
inevitable factors leading to directed communication due to
the packet loss and communication interference [11]-[13].
Hence, it is necessary and meaningful to consider the directed
communication.
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B. Related Works

Many efforts have been devoted to realizing distributed
energy management in smart grid [8], [14]-[26]. In [14]-[18],
distributed energy management problem is considered and
nonconsensus-based distributed algorithms are designed which
mainly focus on the demand side management (DSM).
Li et al. proposed a decoupling algorithm for responsive
demands management where the utility company has to pro-
vide the price information [14]. A distributed algorithm was
proposed for distributed DSM and applied in plug-in hybrid
electric vehicles in [15], where the price information based
on the global system load is needed. In [16]-[18], game
theory based DSM protocols are provided. In [16], it is
assumed that each player has to communicate with all others.
In [17] and [18], it is assumed that there exits the utility com-
pany. Compared with these nonconsensus-based DEM proto-
cols, consensus-based algorithms can realize global energy
management target only with local communication. Hence,
consensus-based DEM approaches are more flexible, scalable,
robust and distributed. As a branch of distributed computing,
consensus has been widely used in economic dispatch problem
of smart grid in [19]-[22], where only distributed generation
side management is considered for synchronous communica-
tion networks. Considering the asynchronous communication,
Mohammadi et al. [23] developed a novel distributed approach
for DC optimal power flow to reduce communication over-
head. In smart grid, considering both sides in distributed
energy management reveals fairness between consumers and
producers and the whole distributed energy management prob-
lem becomes more practical and meaningful. Vale et al. [24]
proposed a multi-player based energy management algorithm
where distributed energy resources and demand response are
considered. Under this algorithm, each player has to know all
other players’ states and thus it cannot be realized in a dis-
tributed way. In [25] and [26], a consensus-based distributed
energy management algorithm for both sides was proposed
for undirected connected communication network. However,
the strategy is only effective when the communication net-
work is undirected connected and transmission losses are
ignored.

C. Contributions

To solve the above problem, we formulate a distributed
energy management problem to maximize social welfare.
Both transmission losses and directed connected networks
are considered in the problem. Then, we design a fully dis-
tributed algorithm to solve the optimization problem. The main
contributions of this paper are as follows.

1. A practical energy management optimization problem
based on social welfare maximization is formulated for
smart gird. We consider both generation and demand
sides as well as transmission losses. The problem is a
challenging non-convex problem due to the non-convex
power balance constraint.

2. We firstly convert the original problem to a convex opti-
mization problem by relaxing the non-convex equality
constraint. Then, a sufficient condition is provided to
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guarantee that the new problem has the same optimal
solution as the original one.

3. Considering the directed connected synchronous
network, we design a Consensus-based Energy
Management Algorithm (CEMA) to solve the new
convex problem. In CEMA, ratio consensus is adopted
to balance generation and demand. We theoretically
prove the convergence and optimality of CEMA and
illustrate them by simulations.

The remainder of this paper is organized as follows.
Section II provides the preliminaries and formulates the
problem. The problem is analyzed and converted in Section III.
Section IV decouples the convex problem and gives consensus-
based energy management algorithm (CEMA). Section V ana-
lyzes the performance of CEMA. The main results are exam-
ined through extensive simulations in Section VI. Conclusion
is given in Section VIIL.

II. PRELIMINARIES AND PROBLEM FORMULATION
A. Network Model

Consider a power grid with N, distributed generators
and N, responsive demands indexed by 1,2, --- ,./\/g and
Ng+1, -+, N, respectively, where N' = N, +Nj. A directed
connected graph G = {V, £} is used to represent the commu-
nication topology of the network, where V is the set of N
nodes and £ C V x V is the edge set. The generators set
and the demands set are denoted as V, and V,, respectively,
and V = Vg JVy. It is noted that (j,i) € £ if and only
if (iff) node i can receive information from node j, i.e., node j
is the in-neighbor of node i. The in-neighbor set of node
i is defined as N;" = {jl(j,i) € E,j # i} and [N;7| is
the cardinality. The out-neighbor set of node i is defined as
N7 = {jlG.j) € £,j # i} and [N, | is the cardinality. Self
loop is not considered here, i.e., (i, 1) ¢ £, Vi € V. It should be
pointed out that in this paper, we only assume that the com-
munication network is strongly connected, i.e., any two nodes
are connected by a directed path. This assumption relaxes
the undirected connection assumption in [26] and renders the
distributed energy management problem more general.

B. Distributed Energy Management

In smart grid, distributed energy management aims to
improve the efficiency of electricity usage and guarantee fair-
ness among all participants (both generators and the demands)
under negotiation [6]. Electricity price is an important variable
concerned by both sides. Real time pricing is used to improve
the efficiency of resource usage and smooth the load curve for
smart grid in demand response [27]-[29]. Here, we use price
as a variable to realize coordination among generators and
demands. The objective is to maximize the total social wel-
fare by adjusting acceptable price and the generation power
or demand power. The balance between generators and the
demands is required simultaneously since it plays a key role
in stable operation of power grid.

The details are given in the following. Dividing a day
into 7 time periods and the length of each period is constant
(for example, one hour). In each period ¢,t € {1,2,---,7},
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the electricity price is denoted by p(f). By referring to [14],
the multiple times demand response can be decoupled as mul-
tiple sub-problems. Therefore, we only consider one period
energy management problem and to simplify the problem for-
mulation, we omit all 7 for the following referred variables
(for example, p denotes p(f)). Through communication, each
generator or responsive demand aims to maximize its profit
when the generation and demand power is balanced. Then,
we introduce the profit functions for generators and demands
respectively.
1) The Profit Function of the Generator: For each gener-
ator i,i € Vg, its generation power is represented as
P; with a lower (upper) bound denoted by P}" (PlM ).
Referring [19]-[22], the cost C;(P;) of generator i can
be denoted as the quadratic function of P;, which means

Ci(P)) = a/P} + biP; + ci,

where a;, b;, c; are fitting parameters of the cost func-
tion for generator i. In power grid, since the transmission
losses are inevitable, modeling this factor into its profit
function is important and practical. According to the
micro-incremental transmission losses of each genera-
tor [30], the amount of transmission losses Piﬁ induced
by generator i can be represented as the simple quadratic
function. Hence, we have,

PF = BiP?,

where BB; is the losses coefficient and satisfies
0 < B; < a;. Therefore, the profit nf (P;) of generator
i can be represented as

78 (P) = p(Pi = BP?) = C(P)
=p(Pi - BP?) — (aP? +bP; + )
= —(pBi+a)P*+ (p — b)P; — ci.

2) The Profit Function of Each Demand: For each demand
J.J € Vg, its utility function is written as U;(P)).
U;(P;) represents the satisfaction degree for the elec-
tricity usage P;. U;(P)) is usually assumed to satisfy the
following three properties [27]:

e The first order differential denoted by Uj’ satisfies
Z/{j’ (Pj) = 0, i.e., it is a nondecreasing function.
e The second order differential denoted by U} satis-
fies Z/Ij// (73j) <0, i.e., utility will get saturated.
e Uj(0) = 0, ie, without using electricity, the
satisfaction is zero.
The following is an example of utility function [27],

o
wiPj =P}, P < 2—;]

UP) =1 o? b (1)
doy 17 2y

Then, the profit function of each demand j is intro-
duced as
U;(P)

njd(P/) = — P
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For each responsive demand, it has a certain adjustable
range of power to maximize its own profit by adjusting
P; during a period because of the generators’ excitation.
For example, when generators set different prices for
different periods, the residential consumer will adjust
the power consumption to lower price period.

C. Optimization Problem

Considering the selfishness of each participant, each gener-
ator or demand aims to maximize its own profit, which may
lead to the coordination failure. Social welfare maximization
not only can maximize the total welfare of the whole society in
electricity market, but also can guarantee that each individual
profit is maximized [31]. Hence, both efficiency and fairness
are considered. Social welfare maximization is widely used in
energy management of smart grid [14], [26]. Here, we use the
social welfare maximization model to realize the coordination
among participants. The social welfare, i.e., the sum profit of
the generators and the demands, is given as,

Y xfPy+ Y 7 (P)

i€V, Jj€Va
=Y [p(Pi—BP2) - P | + Y [t(Py) - pP]
i€V, Jj€Va
=D —G(P)+ Y _U(P)
i€V JjeVa
+3 (Pi-BPY) - Y @)
i€V, J€Va

Since the power generated and demanded should be bal-
anced for the reliable operation of the power grid [30],
ie, Y (Pi—BiP» =Y P, (2) can be simplified as,

i€V, Jj€Va
=Y —C(P)+ Y U(P). 3)

doafPy+ > af
i€V JjeVy

i€V, j€Va

Hence, we formulate the following optimization problem,

min Y Ci(P) — Y U(P)
i€V JjeVa
st Y ( —B; 792) 3P (4a)
i€V, Jj€Va
P <P <PMieV, (4b)
P}"stst .J € Va. (40)

where the constraint (4a) describes the total generation and
total demand power balance, (4b) and (4c) are the local power
constraints for each generator and each demand, respectively.

Note that in power grid, the generated electrical power
should always satisfy the requirement of the total demand
power. Hence, it is reasonable to assume that the total gen-
eration capacity meet the demand requirement, i.e., there

holds,
YOLED SE D DL D DU T

i€V JjeVa JjeVu i€V



2052

In problem (4), only the first constraint is a global equal-
ity constraint and it is an equality quadratic constraint,
which leads to the non-convex feasible set. It follows
from [32] and [33] that the original problem is not a con-
vex optimization problem due to non-convex constraint (4a)
and thus difficult to be solved directly. To solve the problem,
detailed analysis will be provided in the following section.

III. PROBLEM ANALYSIS

In this section, to solve problem (4), we firstly convert it
to a convex problem by relaxing the constraint (4a). Then, we
provide a sufficient condition regarding the generation and the
demand capacity, which can be satisfied in practical scenarios.
The condition can guarantee that the converted problem has
the same optimal solution as the original one. We also give the
rigorous proof of the sufficient consideration by contradiction.

A. Problem Transformation

In order to solve the above problem, we firstly convert the
equality constraint into an inequality one. Then, problem (4)
is transformed to (6). Problem (6) is a strictly convex prob-
lem since both the objective function and the constraints are

convex.
min Y CGi(P) — Y U(P)
i€V jeVy
st Y (7?,» - B,»Pl?) =37 (6a)
i€V, Jj€Va

(4b) and (4c).

B. A Sufficient Condition

In the following theorem, we give a sufficient condition to
guarantee that problem (4) and (6) have the same solution.

Theorem 1: Suppose that the generation capacity and the
demand capacity satisfy

P =Y (Pr-B(Pr)). )

Jj€Va i€V

The optimal solution of problem (6), denoted by P*, satisfies

Srr=3(Pr-B(P)),

jEVd iEVg

i.e., problem (4) and (6) have the same optimal solution.

To prove the equivalence of problem (6) and (4) under
condition (7), we analyze the KKT conditions of the convex
optimization problem (6) by referring to [32]. We firstly con-
sider the inequivalent case, i.e., constraint (6a) always takes
the greater-than sign. Through the analysis of KKT conditions,
we get the result which contradicts condition (7). It is proved
that the optimal solution is always achieved for problem (6)
when (6a) takes the equal sign, which means that the two
problem (6) and (4) are equivalent. The detailed proof can be
seen in Appendix A.

Remark 1: 1t is noted that when the maximal total demand
power is larger than or equal to the total minimal generation
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power subtracting power losses, the converted convex prob-
lem always achieves its optimal solution with (6a) obtaining
the equal sign. It means that the non-convex optimization prob-
lem (4) can be converted to a convex optimization problem. In
practical scenarios, the total minimal generation power can be
zero, which means that the sufficient condition can always be
satisfied. Here, we assume that each generator unit has a lower
bound, which guarantees the profit of each generator will be
strictly greater than zero. Furthermore, the sum of these lower
bounds subtracting power losses will be less than or equal
to the total demand power. Hereafter, we just need to solve
the convex optimization problem (6) to achieve the optimal
solution of the original problem.

IV. CONSENSUS-BASED ALGORITHM DESIGN

In the above section, we convert the non-convex optimiza-
tion problem to a convex one and provide a sufficient condition
under which two problems are equivalent. To solve the con-
verted problem (6) in a distributed way, we firstly decouple
it by typical Lagrange approach and then give some basic
concepts regarding consensus and ratio consensus. Then, we
introduce the new variable to denote the local power mismatch,
which is important for the convergence of global power mis-
match. Considering the directed communication network, we
provide consensus-based iteration rule to guarantee the con-
vergence of incremental cost (incremental utility). Meanwhile,
we utilize ratio consensus-based iteration rule to guarantee
the convergence of power mismatch. The detailed description
can be found in the Consensus-based Energy Management
Algorithm (CEMA).

A. Problem Decoupling

In problem (6), the objective function is the sum of local
functions, and constraint (4b) and (4c) are local and con-
straint (6a) is a global coupled constraint. Here, we can
decouple problem (6) into multiple sub-optimization problems
if constraint (6a) is decoupled. We transfer the constraint (6a)
to the objective function and the regarding Lagrangian function
can be written as

LP.3) =Y CP)— Y U(P)

i€V Jj€Va
[ Xr-X(P-8PY) | ®
i€V i€V,
where P = [Py, ---,Py] and A > 0 is the lagrange multi-

plier. From (8), one can decouple the original optimization
problem (6) into N sub-optimization problems with local
constraints for a given A.

By referring to [19], we define A; as incremental cost
(incremental utility) for the generator (the demand) i as

C(Py) cv
M=) a-2Bp) ©)
uj (Pi)v l € Vd

If each P;, i € V satisfies its local constraint, (6a) holds, and
all A;,Vi € V achieve consensus, i.e., A; = A* > 0, Vie V),
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the optimization problem (6) is solved. Variables A;, Vi € V
need to converge and the global power mismatch has to con-
verge to zero. Hence, consensus theory could be used to solve
problem (6) in a distributed way.

We will discuss the details regarding the derivation of (9),
which is important for the following proposed algorithm and
the theoretical analysis. For i € ), since that C;(P;) is a
quadratic function, we have that the derivation of X; must be
positive according to (10). It means that A; is a monotonically
increasing function of P; when i € V,. For i € V;, we have
A = U] (P;). According to the properties of f;(P;) provided
in Section II, there holds A} = U (P;) < 0. We can see that
A; is a non-increasing function of P; when i € V;.

. <2a173,'+b,')/ _ a; + b;BB;
L 2B, P; B o 1
28 (Pi - w)

B. Preliminaries of Consensus

5 >0.i€V,  (10)

Consensus is a popular tool in distributed computation and
has attracted much attention [34]-[37]. We introduce a row
stochastic matrix W = [w;;] and a column stochastic matrix
Q = [g;]. The elements are represented as,

, e Nt
N
wi=1 1= Y wy j=i (11)
JjeNT
0.j¢N©.  j#i
1
. jeNt
A+
4gji=11—- Z gij, j=i (12)
jeN;T
0jgN', j#i

These matrices will be used in the following part to solve
the optimization problem (6). Let X' (k) = {x1(k), --- , xn(k)}
denote the state vector of all nodes in G at iteration k,
k € {1,2,---}. For the initial state X'(0), the following
two lemmas are given by referring to [36], which are very
important for the algorithm design.

Lemma 1 (Consensus): If G is a strongly connected graph,
for the discrete consensus algorithm X (k+1) = WX (k), there
holds that hm xi(t) = ¢, Vi € V, where ¢ is a constant.

Lemma 2 (Ratzo Consensus): If G is a strongly connected
graph, for the discrete ratio consensus algorithm X' (k+ 1) =
QX (k), there holds that lim xi(r) = i Y1, xi(0). Vi € V,
where B; is the i-th element of the unit eigenvector corre-
sponding to eigenvalue 1 of the matrix Q.

Here, we point out that under Lemma 2, each node will
converge to a stable state and the sum of all stable states will
not change during the iteration process.
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Algorithm 1 Consensus-Based EMA (CEMA)
Initialization:
Set 1;(0), P;(0) and &;(0) i,Vi € V as below
@
—— i€V,
2i(0) = { (1-28P") ¢ (13)
Uy, e
Pi(0) =0,i eV, (14)
£&0)=0,ieV. (15)

Given the small n satisfying 0 < n < 1, and the termina-
tion errors €, and ¢; for the power mismatch and price,
respectively.
Iteration: loop
1. Update A; according to

itk + 1) =Y " wiki(k) + n&i(k). i € V.
Jjey

(16)

2. Update P; according to, when i € Vg,

Pik+1) = argmin [C;(P;(k)) — Xi(k+ DP;(b)];
P <Pitk)<PM
(17
when i € V,,
Pitk+1) = argmin [A;(k+ DP;(k) — Ui (Pi(k))].
Pr<Pik)<PM
(18)
3. Update &; according to, when i € V,,
s+ 1) =Y ai® + (Pt — BPI®)
jev
- (P,»(k +1) - BP(k + 1)); (19)
when i € Vy,
&itk+1) = Zqz‘jéj(k) + Pilk + 1) — Pi(k). (20)
jeV

4. If |&(k)| < €y, Vie Vand |Aj(k)—Li(k—1)| < ¢, VieV,
break.
Output: A;(k), P;(k),Vie V.

C. CEMA

In order to improve scalability and robustness, and reduce
the operation information, a consensus-based distributed algo-
rithm is proposed to solve problem (6). In the algorithm,
each participant only uses local information (its own and
neighbor incremental cost/utility and neighbor power mis-
match estimation) to update its own state (its own incremental
cost/utility, power and neighbor local power mismatch). The
update rules are based on consensus [9], which guarantee
the final value converges to the global optimal solution of
problem (4).

Let &;(k),Vi € V denote the local power mismatch of i
at iteration k. The details can be found in CEMA shown in
Algorithm 1.
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For CEMA, in Initialization, each generator i,7 € V, sets
the initial price A;(0) as the incremental price for the mini-
mal generation power P} to minimize its generation cost. To
maximize its utility, each demand i sets the initial price as
the incremental utility for the maximum demand power PlM .
Each local power mismatch &;(0), i € V is set to zero to guar-
antee that the total power mismatch is equal to the sum of the
local power mismatch at initialization. In Iteration, update
rule (16) promotes the convergence of both of price and the
local mismatch. Based on the updated price, each generator
(demand) i updates the generation (demand) power accord-
ing to (17) ((18)) and then updates the local power mismatch
according to (19) ((20)). The generator or demand power
Pi,i € V is updated to maximize the profit of participant i
The difference between (19) and (20) and the ratio consensus
can guarantee the total power mismatch is equal to the sum
of the local power mismatch for each iteration for directed
connected communication network.

V. ANALYSIS OF CEMA

In this section, we provide the theoretical results regard-
ing the convergence and the optimality of CEMA. Inspired
by [20] and [26], we prove the convergence of CEMA
firstly. Then, the optimality of CEMA 1is given under
KKT conditions, which means that the final convergence
value of CEMA is the optimal solution of the original
problem (4).

A. Convergence of CEMA

Theorem 2: 1If generation capacity and demand capacity
satisfy

DA GORED DEAED DD AR R
i€V i€Vy i€Vy i€V,
2n

under CEMA, there exists 0 < € < 1, such that when 0 <
n < €, there hold

1 . i . p— . 2 =
lim | 3P = Y (Pilk) = BPAD) | = 0. (22)
i€Vy i€V,
lim Ai(k) = he, VieV, (23)
k— o0
and
lim P(k) = P*, (24)
k—o0

where A, is a constant and it satisfies (9), and P* is the
convergence final vector of power.

The complete proof can be divided into three parts, i.e.,
global convergence, approximation and matrix disturbance, as
shown in the Appendix B. In global convergence part, we
obtain the dynamic of the global power mismatch and the
incremental cost/utility, which shows that the global power
mismatch will decrease and the incremental cost/utility will
converge with iterations. Under these results, when the global
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— -+ Communication link

Fig. 1. 1EEE 39-BUS System.

TABLE I
PARAMETERS OF DEMANDS FOR IEEE 39-BUs

Demand Parameter

Node w o pm  pM
i 843 00545 50 10034
12 1317 00877 100 159.13
13 15.46 0.0547 40 80.56
14 1003 0.1041 30 123.98
15 8.45 00870 80 109.55
16 15.38 00984 40 76.34
17 19.16 0.1564 80 137.93
18 1685 00564 50 84.19
19 15.63 0.0950 50 104.06
20 6.75 0.0470 78 11936
21 1495 0.0970 103 176.19
2 587 0.0349 33 88.65
23 18.18 0.0879 9 17531
24 15.08 0.0653 89 129.03
25 14.90 00897 123 167.42
26 19.45 0.1345 5 36.51
27 18.05 00924 23 79.38
28 15.83 0.1026 67 147.26
TABLE II

PARAMETERS OF GENERATORS FOR IEEE 39-BUs

Generator Parameter

Node ¢ b o pm  pM B

T 30 556 0.0024 0 33960 000021
2 235 axn 0.0056 25 47910 0.00031
3 25 660 0.0072 28 2904 0.00011
4 16 314 0.0047 m 30634 000022
5 6 754 0.0091 35 50380  0.00041
6 54 328 0.0018 29 13719 0.00051
7 23 731 0.0053 45 50540 0.000451
8 15 245 0.0063 56 16217 0.000351
9 20 763 0.0028 12 1651 0.000331
10 12 476 0.0046 30 44341 0000121

power mismatch reaches a domain of small scale of asymp-
totic convergence, we investigate the behavior of the system
by linearization. Therefore, we can get the matrix expres-
sion of the system and use the matrix disturbance theory to
analyze the convergence. Finally, the convergence of CEMA
is proved.

B. Optimality of CEMA

The convergence of CEMA has been proved in the above
subsection. Here, we prove the optimality of CEMA, which
means that CEMA converges to the optimal solution of
problem (4).

Theorem 3: If (7) holds, under CEMA, we have

lim P(k) = P* = P*,
k— o0

where P* is the optimal solution of problem (4).
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To prove Theorem 3, we firstly prove that the final value of
P(k) can always make KKT conditions of the convex prob-
lem (6) hold. Since problem (4) has the same optimal solution
as problem (6) under condition (7), the final value of P(k) is
the optimal solution of problem (4). The detailed proof can be
seen in the Appendix C.

VI. PERFORMANCE EVALUATION

In this section, extensive simulations are conducted to
illustrate our results in terms of convergence, optimality for
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different directed communication topologies, and we also illus-
trate the effect of the tuning parameter n and transmission
losses.
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A. Parameter Setting

We consider the IEEE 39-bus system with 10 generation
units and 18 demands. The communication network of these
generation units and demands, which is described by the red
lines in Fig. 1, is directed connected. The utility function of
each demand j,Vj € V; is chosen as (1). The parameters of
the demands and the generators are provided in Tab. I and
Tab. II by referring to [26]. Here, we assume the lower bound
for demand power is nonzero and the lower bound for gen-
erator unit is nonzero. We set n = 0.00786, €, = 0.01 and
€, =0.01.

B. Performance of CEMA

1) Convergence and Optimality: In order to illustrate the
convergence and optimality of CEMA, we conduct our algo-
rithm under the above scenario and parameters setting. The
verification of the CEMA convergence performance is shown
in Fig. 2. The generators power and the demands power dis-
tribution are shown in Fig. 2(a), where each demand power
Pi,i € V4 is shown as the negative one to distinguish from
the generator units. As shown in Fig. 2(b), the total power
mismatch will converge to zero with iterations, while all
local mismatch power &;, Vi € V get close to zero shown in
Fig. 2(c). It can be observed that the equality constraint (4a)
will be satisfied gradually. Due the existence of mismatch
power variance caused by the initialization (15), the param-
eter &,Vi € V becomes nonzero from beginning, and then
gets back to zero gradually. The optimal price A* = 7,43 is
achieved by both generators and demands in a distributed way,
which can be observed from Fig. 2(a). Under the final price,
all participants maximize their profit. When ¢t = 497, CEMA
converges to the result which satisfies the termination condi-
tions €, = 0.0l and ¢, = 0.01. We also compare our result
with the optimal solution using global information and the
ICW algorithm [26] in Fig. 3. While ICW algorithm diverges
with iteration k for the directed connected communication net-
work, CEMA algorithm achieves optimal solution. The total
welfare under CEMA is 3021.7, which is very close to the
optimal one 3021.6. The square distance between the solu-
tion P* under CEMA and the optimal one is about 0.0293,
which is negligible.

To illustrate the scalability of CEMA, we evaluate its con-
vergence and optimality performance on IEEE 118-bus system.
The system is composed of 19 generator units and 91 loads.
The structure of the weight matrix WV is shown in Fig. 4(a),

(c) Electricity Price without Losses (d) Electricity Price with Losses

which also reflects the topology of the communication net-
work. It can be observed in Fig. 4(b) that under CEMA, social
welfare maximization can be achieved with an exponential
speed.

2) Performance Under Different n: To discuss the perfor-
mance of CEMA with various tuning parameter 1, we conduct
the simulation in IEEE-39 bus system as shown in Fig. 1. The
initial 7 is set to be n = 1.1 x 107* and the increment for
each time test is set to be Ay = 3 x 107*. It is observed
from Fig. 5 that with the growth of 7, the iteration T for con-
vergence decreases firstly and then increases. When 7 is too
large, CEMA cannot converge and there exists an optimal 7
for fast convergence.

3) Performance Under Different Directed Topologies:
Simulations are conducted to illustrate the performance of
CEMA under different directed communication topologies,
Specifically, three topologies are considered, i.e., randomly
generated topology in Fig. 1, ring topology in Fig. 6(a) and
grid topology (7 x 4) shown in Fig. 6(b). It can be observed
from Fig. 7 that under the ring topology, CEMA needs more
than 8000 iterations to converge and requires a very small
parameter n = 0.00008 compared with the random and grid
network where n = 0.008 and they only need 400 iterations.
It means that under topology with better connectivity, CEMA
can converge with a faster speed and the upper bound of 7
becomes larger.

4) Losses Effect: Here, we investigate how the parame-
ter B affects the total welfare in the above scenario firstly
and then how the transmission losses affect the convergence
speed of CEMA in IEEE-9 bus system with 3 generator buses
and 3 demands. It can be observed in Fig. 8(a) that the exis-
tence of transmission losses will decrease the total welfare
compared with that of case without losses. We observe that
considering transmission losses, the dispatch of generation and
the response of demand change shown in Fig. 9(a) compared
with Fig. 9(b). The electricity price rises shown in Fig. 9(c)
compared with Fig. 9(d), which is caused by power losses.

Consider that the initial losses coefficient is B = [5, 7, 4]’ x
10~* and the increment for each step shown in the horizontal
axis is AB = [10, 12, 7] x 107 for the IEEE-9 bus system.
The relationship between the convergence speed and the losses
parameter is shown in Fig. 8(b). The overall tendency can be
observed that with the growth of B;, Vi € V), the convergence
iteration will become large. When B;,Vi € V is too large,
CEMA will not converge because with large B;, Vi € V, (21)
is no longer valid.
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VII. CONCLUSION

By taking transmission losses and the directed information
flow into consideration, we provided a consensus-based dis-
tritbuted energy management (CEMA) strategy for distributed
generation units and responsive demands. Under CEMA, the
global price and the global power balance between genera-
tion and demand can be achieved under consensus iteration.
Especially, ratio consensus was utilized to guarantee that
the global power balance can be realized with local infor-
mation exchange and iteration. We prove that when the
total maximum demand power is larger than or equal to
the total minimal generation one subtracted the transmission
losses, CEMA can achieve the social welfare maximiza-
tion solution asymptotically when the optimization problem
is non-convex. In simulation, we observed that considering
transmission losses, social welfare decreased and the con-
vergence speed reduced with the growth of transmission
losses. Fast convergence with lower cost and lower complex-
ity, more practical scenario modeling and analysis will be our
future work.

APPENDIX A
PROOF OF THEOREM 1

Proof 1: Since the converted problem (problem (6)
in Section III-A) is a convex optimization problem,
the optimal value of the Lagrange dual problem has
strong duality. The Lagrangian function of the converted
problem is

LP.ay.9) =) —U(P) + Y C(Py)

jeVa i€V
+ A Z P+ Z (Bi(Pi)z - 'P,')
i€V i€V,
+ Z vi(P" = Pi) + Zﬁi(Pi - P,
2% 2%
(AD)
where y, % € RV, A €R, ¥, >0,9>0,1>0,Vie V.
According to KKT conditions, we have
oL A + 0 duj(Pj*) 0, VjeV
=A—y 40— —2= =0, €
a,PJ* Yj j d7)/* ] d
(A2a)
aL  dCi(P}) .
7P = d7’,-*l — M1 =2BP}) —yi+0:=0, Vie,
(A2b)
DAY (6,4(73,‘*)2 - 79,.*) =0,,>0  (A)
i€Vy i€V
vi(P"—=Pf)=0,y9>0, VieV
(A2d)
9(PF — le) =0,9>0, VieV

(A2¢)
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Next, we prove our result by contradiction. Suppose that

Z P < Z (77,* — Bi(Pi*)z).

JjeVa i€V,

(A3)

Thus, for the condition (A2c), it holds A = 0.

Consider the general case P #* 77,M ,Vi € V, because
P o< PF o< PIM, at least one of y; and ¥;,Vi € V is
equal to O to guarantee that conditions (A2d) and (A2e) hold.
According to the property of the utility function, consider the

A
general case, 7P
Vj € V4. There hold

> 0,Vj € V;. Hence y; =0,9; >0,

L - T
apj*_ ViU d’Pj*

=0,VjeVy
and
19}(7)]* - ij) =0,9;>0,V €V,

Thus, we have 791* = PJM , Vi € V. For the same reason,
PF =P!", Vi € V. It further follows from (A3) that

SR <3 (Bi(P) =P

JjeVy i€V

(A4)

Note that (A4) is contradicted with the sufficient condition
(inequality (7) referred in Theorem 1). Hence, (A3) cannot
hold for P* under the sufficient condition. Because of the first
constraint in the converted problem, for the optimal solution
P* of the converted problem, there must hold

Y=Y (73,.* - B,-(P;k)2>.

JjeVa i€V,

Therefore, the converted problem always achieves the opti-
mal solution with the first constraint obtaining the equal
sign under the sufficient condition. The feasible set of the
converted problem contains the feasible set of the original
problem (problem (4) in Section II-C) and their objective
functions are the same. Hence, the optimal solution of the
converted problem is less than or equal to that of the original
problem. Since the optimal solution of the converted prob-
lem is always achieved in the feasible set of the original
problem under the sufficient condition, the optimal solution
of the converted problem is same as that of the original
problem.

APPENDIX B
PROOF OF THEOREM 2

Proof 2 (Global Convergence): Define the mismatch power
between generation and demand as

APK) = 3Ptk — Y (Pitk) = BPEW),
i€Vy i€V
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Summing all &;(k+1), Vi € V, it follows from step 4 in CEMA
and Lemma 2 that

Y Eh+1) =D giE+ Y Pilk+ 1) — > Pilk)

1% i€y jeV i€V, i€V,
+ 3" (Pt - BPW)
i€V
=3 (Pitk+ 1) - BPRE+ D)
i€V,

=Y aw + | X (Pitk+1) - BPHk+ 1)
i€V i€V,

=Y Pilk+1)

i€V,

- [ X (rw -BPH0) - Y- Pk

i€V i€V,
= > &(k) + AP(k+ 1) — AP ().
%
Then, from initialization of P;(0), &;(0), Vi € V under CEMA,

we have

Y Ethk+1) — APUh+1) =Y &(k) — AP(K)

(A5)

eV i€y
=Y &(0) — AP(0)
i€y
=0, (A6)
ie., Y &(k) = AP(k). Summing all A;(k 4+ 1),Vi € V), one
%
inferse

D o hitke41) =" wkitk) +n ) &),

ey i€V jeV eV

(AT)

where 1 can be seen as a proportional feedback gain.
According to step 2 in CEMA, all A;(k + 1),i € V will be
close to each other for k = 0 with zero feedback. And then
we get P;(k),i € V according to step 3 and 4, where k = 1.
1) Consider AP (k) > 0. From (A7), when Y &(k) > 0,

ey
> xitk + 1) will increase and all x;(k + 1),i € V

fclep‘fmroach to the same value according to Lemma 1. Note
that before reaching the upper or lower bound, we always
have P;(k) = %,Vi € V,. It means that the power
generation is a monotonically increasing function of incre-
mental cost A;(k),Vi € V,. Meanwhile, note that P;(k) =
U’_l(ki(k)), Vi € Vy. Since U’ < 0, the power demand is a
non-increasing function of ;(k), Vi € V,;. Therefore, the total

power generation Y P;(k) will increase and the total power
i€Vy
demand ) P;(k) will decrease or keep unchanged.
i€V,

2) Consider AP (k) < 0. From (A7), when )_ &;(k) < 0,

eV
> xi(k+ 1) will decrease and all A;(k+ 1),i € V approach
i€V
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to the same value according to Lemma 1. For the same rea-
son in 1), the total power generation Y. P;(k) will decrease
i€V,
and the total power demand ) P;(k) vf/ill increase or keep
i€V,
unchanged. ‘

Thus, the method in (A7) will decrease the mismatch abso-
lute value of AP(k) and all A;,i € V will approach to the
same value.

After some sufficiently long time /C, if the mismatch AP (K)
reaches a domain of small-scale asymptotic convergence, then
AP(K) will keep increasing (or decreasing) for k£ > /.

Approximation: To investigate the behavior for k > K, we
will linearize the update in each iteration. Seeing that the
iteration for P;(k) in step 3 of CEMA is a continuous-time
function. Hence, it follows

Ait) = U (Pi(1). t € [k, k+ 1].
According to the Taylor Theorem, there hold
Li(to) + Ari(t) = U (Pi(t0)) + U (Pi(t0)) APi(D),
AXi(t) = U (Pi(10) APi(1).

From iteration k to k + 1, considering that min{lf/" (P;(1)) <
0,t € [k,k + 1]}, there exists 0 < —=§;k) <
1
~ P () ek ey Such that
Pitk + 1) = Pi(k) + 8;(k)(Ai(k + 1) — A;(k)).
Consider that min{Uf (P;(1)) < 0, € [k, k+ 1]}, we have that
there exists —4;(k) = 0, such that (A8) holds.

Combining step 4 in CEMA and the above result, it yields
that

§itk+1) = Z §i(k) + 8i(k)(Ai(k + 1) — Ai(k)), i € Vg.
j€Vgij

(A8)

Then for the generator i which does not reach its upper bound
or lower bound, there holds

Pi(k) — Pilk + 1)
k) = by ritk+1) — b;
T 2a; +2Bni(k)  2a; + 2Bidi(k+ 1)
k) = bi)(2a; + 2Bk + 1)) — ik + 1) — bi) 2a; + 2B2i(k))
- (2a; + 2Biri(k))(2a; + 2Biri(k + 1))
k) = Ak + 1) 2a; + 2B;b;)
T Qa4+ 2Biri(k) Qa; + 2Biri(k + 1))

There exists §;(k) which satisfies

(2a; + 2B;b;)
0=-ob= ma"{ Qa + 2Bi(0) a; + 2B (k)
(2a; + 2B;b;) }
a; +2Biritk + 1)) (2a; + 2BiA;(k + 1))
such that
§itk+1) = Z &i(k) + 8i(k)(Ai(k + 1) — Ai(k)), i € V.

jEtij

Therefore, the matrix form of iteration process after C can be
written as

[x(k+1)]_[ w nl ”:A(k)} (A9)
Ehk+1) | [T -=W) Q+nsk) || &) |
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w 0

Define I'(k) = [_3(k)(1—W) Q

0 I
0 o8k |

Matrix Disturbance: The system (A9) can be seen as a linear
time varying system where the system matrix I"(k) at iteration
k perturbed by nY (k). I'(k) is a lower block triangular matrix
and all its eigenvalues are the union of the eigenvalues of W
and Q. So TI'(k) has two eigenvalues o (k) = o2(k), and the
rest eigenvalues lie in the open unit disk on the complex plane.
Constructing vectors 1 (k), 2 (k) and vy (k), v2(k) as follows:

i| and Y(k) =

U=1m® Mz(k)]=[g w&)u]’

where ¥ (k) = Y 8;(k) and u is the unit eigenvector corre-
eV
sponding to eigénvalue 1 of the matrix W. And

vlT(k):| [—1T5(k) 1T}

va (k) ol 0o

vk = [

where 1 is a vector of length N with all its elements being
1, §(k) = diag{s1(k),---,n(k)} and w is the unit eigenvec-
tor corresponding to eigenvalue 1 of the matrix Q. Hence,
VIUk) =1.

When 7 is small, the variation of oy(k) and o»(k) per-
turbed by nY (k) can be quantified by the eigenvalues of
VI (k)T (k)U(k), and

T T o 0
VI T (k) UK) = [a)Tu lﬁ(k)a)Tui|'

The eigenvalues of VI (k)Y (k)U(k) are 0 and v (k)w u < 0.
Thus, doy(k)/dn = 0 and doy(k)/dy = (K)o u < 0. It
means that o (k) does not change against 5, and when n > 0,
02(k) becomes smaller. Let ¢ be the upper bound of 7. If
0 < n < ¢, we have |oa(k)| < 1. Since eigenvalues continu-
ously depend on the entries of a matrix. In this case, the rest
eigenvalues of I'(k) + nY (k) continuously depend on 5. For
the same reason, there exists an upper bound ¢’ such that if
0 < n < ¢/, we have |o;(k)] < 1,i = 3,4,...2N. Hence,
if n < € = min{¢, ¢}, o1(k) = 1 is simple and all rest
eigenvalues are within the open unit disk.

(1) is the eigenvector of the system matrix
associated with o (k) = 1. Because all the rest eigenvalues are
within the open unit disk, it follows

i8] 3]

Therefore, lim &;(k) = 0 and the power generation is equal

By verification,

—> 00
to the power demand, which means that

Jim PIZOEDS (Pi(k) - BiP?(k)) = 0.

i€V, i€V

And lim A;(k) = A, converges to a common value.
k— 00

2059

From the above analysis, the global convergence shows that
all A;(k), Vi € V will become closer to each other, while the
mismatch power will become smaller. Approximation analy-
sis expresses that the iteration process can be approximated
as a matrix form, and the matrix disturbance analysis shows
Ai(k), Vi € V will achieve consensus and the mismatch power
will become zero. Hence, one can conclude that the results
in Theorem 2 (equalities (22), (23) and (24) referred in
Theorem 2) will be achieved under CEMA.

APPENDIX C
PROOF OF THEOREM 3

Proof 3: According to Theorem 1, one infers that if the
sufficient condition holds, the optimal solution of the converted
problem equals to that of the original problem. Hence, P* is
also the optimal solution of the converted problem and we just
need to prove that the convergence results shown in (22), (23)
and (24) can always satisfy the KKT conditions (A2) of the
convex converted problem.

From (22), we have Y PF = Y (PF — Bi(PH)). It

i€V, i€V
means that the power supplied by generators and the power
consumed by the demands are balanced under CEMA and the
KKT condition (A2c) holds.
From step 2, 3, 4 in CEMA, there holds

arg min

lim P;(k) =
k=00 Pr<P,<PM.icV,

Ae lim Pi(k) — U,'( lim P,(k))
k—00 k— 00

To analyze the above equation, for each demand i, consider
the following equivalent optimization problem,
min AP — Ui (P))
st Pr<Pi<PMieV,. (A10)
It can be seen that the above optimization problem is a con-
vex optimization problem. PF. Considering that A, satisfies
e = dL:i’;;? ) and P; satisfies P < P < PM. According
to the KKT conditions (A2), if P" < P’ < PlM for some
i € Vg, there hold y;, = 0, ¥; = 0 and A = dzjjg:").
Hence, (A2a), (A2d) and (A2e) will be satisfied under CEMA
for all i € V.
For the same reason, for i € Vg, considering that A, sat-
dGPH and we have P < 75;“ < ’PIM . Hence,

isfies A, = o
under our algor{thm, and there holds klim rik) = Ao =
— 00

dcdg’ ) (A2b), (A2d) and (A2e) will be satisfied under CEMA

for all i € V.

dU;(P!") du;(PM)
without the boundary constraint P/* < P; < PIM , the optimal

: . _ dUi(PY) m M dU(P;)
solution satisfies A, = o When P/" < P; < P/, St

i

is a decreasing function. Hence, when P/" < P; < PIM , the
differential of the objective function in problem (A10) is a

For the demand i, when A, >
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increasing function (decreasing function) of P;. Therefore, the
optimization problem (A10) will reach its minimum value and
the optimal solution satisfies 751-* =P (73;k =PM).

When P} = P"i € Vg (P = PM,i € V), there hold

WD (), = 0, 9; > 0 and

dP*
dU; (P})

e — 0 = W)' Hence, (A2a), (A2d) and (A2e) will be

satisfied under CEMA for all i € V,. o
For the same reason, when i € V, and P/" = P} (P =
M c;(Pm

Pi ’ dp"

. dC;(P"™) .
(lim A;(k) > T,,;). Hence, (A2b), (A2d) and (A2e) will
k— 00 i
be satisfied under CEMA for all i € V,.

Hence, under our algorithm, the KKT condition can always
be tenable. This means that the final value of our algorithm
is the optimal solution of both the converted problem and the
original one.

vi>0,09,=0and A, —y; =

under our algorithm, there holds klim ri(k) <
— 00
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