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Abstract—Cooperation between controllable loads such as elec-
trical vehicles (EVs) and wind power is regarded as a promising
way to promote the integration of wind power. A novel layered and
distributed charging load dispatch mechanism is proposed for the
control of thousands of EVs in this paper. Based on the Lagrangian
Relaxation and Auxiliary Problem Principle, the dispatch frame-
work is developed, consisting of layers of system operator, genera-
tion units/EV aggregators, and EVs, and the cooperation between
the generation and EVs is considered. Furthermore, the necessity
of EV aggregators is analyzed, and the function of them is stressed.
Compared with existing distributed methods, the proposed method
is proper for large populations of EVs and gains an advantage in
reducing generation cost directly. In addition, it is with a wider
application scope such as problems with coupled constraints. The
case study on IEEE-RTS verifies the method is feasible and valid
and the charge load dispatch based on it reduces generation cost
and wind power spillage.

Index Terms—Auxiliary Problem Principle, electric vehicle (EV)
aggregators, EV charge control, Lagrangian Relaxation, layered
and distributed charge load dispatch.

NOMENCLATURE
A. Index

g1 Index of generators.
wi  Index of wind farms.
ei  Index of electric vehicles.
ai  Index of electric vehicle aggregator.
t  Index of timeslots.
Index of wind power scenario.

k  Index of iteration number, and variables with superscript
k means corresponding results in the &th iteration.

B. Variables, Parameters and Functions

card() Number of elements in a set.

csignal®,  Charge control signals in the kth iteration.

Manuscript received January 13, 2014; revised February 11, 2014, May 14,
2014, August 13, 2014; accepted September 14, 2014. Date of publication Oc-
tober 08, 2014; date of current version June 16, 2015. This work was supported
in part by the State Grid Science and Technology Research Program and the
National High Technology Research and Development of China 863 Program
under Grant 2011AA05A103. Paper no. TPWRS-00042-2014.

The authors are with the Department of Electrical Engineering and State Key
Laboratory on Electrical Insulation and Power Equipment, Xi’an Jiaotong Uni-
versity, Xi’an 710049, China (e-mail: ShaoCC@stu.xjtu.edu.cn; xfwang@mail.
xjtu.edu.cn; xiuliw@mail xjtu.edu.cn; duchaoxjb@stu.xjtu.edu.cn).

Digital Object Identifier 10.1109/TPWRS.2014.2359234

IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 30, NO. 4, JULY 2015

Layered and Distributed Charge Load Dispatch of
Considerable Electric Vehicles

Chengcheng Shao, Student Member, IEEE, Xifan Wang, Fellow, [EEE, Xiuli Wang, Senior Member, IEEE, and
Chao Du, Student Member, I[EEE

dispei,max
dispei,t
Eei.min
Eei.max
Eei.t
Econse; ;
fgi ()

F

Dgi.t

Dgit,s

Pr s
PChe; max
pChei,t
pdr gi.t
PuTgi ¢
prob,
Rd;, Ru,
'T’I?Chei,t
Wy i.s
Sgi

T

Ueit
Ugi,i

Wwi,tﬂs
Aty pedy, pagy

>\t,s

Neics Nei,de
Agi

At

¢, e, b

€1,€2,ai

EV maximal discharge power.

EV discharge power.

Lower limit of EV stored energy.

EV storage capacity.

EV stored energy.

Energy consumed in trips of an EV.
Cost curve of a generator.

Objective function.

Conventional generation power output.

Conventional generation power output
considering multi-scenario wind power.

Conventional or fixed load power.

EV maximal charge power.

EV charge power.

Downward reserve provided by a generator.
Upward reserve provided by a generator.
Probability of wind power scenario.
Downward/upward reserve demand of the grid.
EV net power connected to the grid.
Dispatched wind power.

Startup/shutdown cost of a generator.

Total number of timeslots in a dispatch period.

EV plugged state indicator, 1 means plugged-in
and 0 means unplugged-in.

Unit state indicator, 1 means on and 0 means
off.

Simulated wind power.

Dual multiplier of the balance, downward
reserve and upward reserve constraint.

Dual multiplier of the balance constraint
considering multi-scenario wind power.

Charge/discharge efficiency of EV.
Permissible power adjustment of a generator.
Timeslot duration, 1 h in this paper.
Parameters needed in ALR.

Parameters needed in the modified ALR.
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I. INTRODUCTION

LECTRIC vehicles (EVs) gain great advantages over con-

ventional cars in reducing emissions and alleviating the
dependence on fossil fuel. The combination of transport elec-
trification and renewable generation is an efficient way to con-
trol carbon emission and gain the attention of governments, in-
dustry, and the masses [1]. Popularized EVs provide consider-
able controllable resources for power systems as well as raising
energy demand, since the EVs are free from trips for 96% of
the time on average [2]. EVs, equipped with batteries, can be
charged at a flexible time and power rate. Moreover, they can
discharge to support the grid operations by the vehicle-to-grid
(V2G) technique [3]. Research dated from the 1980s has shown
that charge control improves supporting capacity of the grid
for EVs and avoids power shortage [4]. Recently, many works
have shown that charge control including V2G cannot only offer
many kinds of auxiliary services, such as reserve and regulation
[2], but also stabilize the grid and promote the integration of
wind power [3].

Many studies have been devoted to forming feasible charge
schemes and exploiting benefits of EVs [5]-[11]. Charge
control strategies have been studied and discussed on different
levels such as a single EV [5], EV parks [6], distribution grids
[7], [8], and regional power systems [9]-[11], which can be
put into two categories: centralized and decentralized (or dis-
tributed). For regional grids and some large-scale distribution
networks, it is difficult for centralized methods to provide
feasible charge schemes because the number of EVs can be
enormous and the constraints of EVs are complicated, which
is beyond their handing ability and simplifications of different
extents are adopted [9]-[11].

The distributed framework appears to be more proper for
the charge control of vast EVs. Compared with the centralized
method, the decisions are made by a single EV, and only its own
constraints need to be included. A more sophisticated model can
be developed for every EV, and their constraints will not be vio-
lated. The coordination is realized by an iterative process rather
than a complex and large-scale optimization problem. In addi-
tion, users are just requested to provide charge/discharge curves
to the system operators rather than technical parameters of EV
and trip plans in the distributed framework, which gives it an
advantage over centralized models on the privacy protection.

The key of distributed charge control lies in coordinating all
EVs to realize one objective such as optimal operation of the
grid. Some works have made their efforts, such as the method
in [12] based on Game Theory and the method in [13] based
on convex analysis. The former is limited to valley-filling of
load curves by pure charge control (discharge of EVs is not in-
cluded), while the latter is extended to track a given load profile.
Unfortunately, the latter is related to the number of EVs, failing
to dispose of charge control problems in grids with vast EVs.
The limitations of the existing methods are summarized as fol-
lows. First, they fail to optimize the generation cost directly, in
which operators are more interested. Second, they just apply to
problems with only separated constraints and no coupled ones
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such as the power balance. The existing methods can only co-
ordinate EVs and fail to coordinate EVs with generation units
and the grid in essence.

In this paper, based on the modified Lagrangian Relaxation
(LR), we propose a novel layered and distributed charge control
framework to minimize generation cost and coordinate EVs and
generation units. The contributions of this paper include the fol-
lowing. Firstly, we propose a distributed framework by means
of LR, in which the generation cost is optimized directly and
coupled constraints are included. Secondly, modification of aug-
mented LR is adopted to improve the quality of LR and based
on it, the layered and distributed framework is proposed. The
framework is constituted by the system operator (SO) layer, the
generation unit/EV aggregator layer and EV layer. The cooper-
ation between EVs and units is realized on the top and middle
layers while the cooperation among EVs on the middle and
bottom layer. The necessity and function of EV aggregators are
elaborated and expressed based on the algorithm analysis. Fi-
nally, the framework is extended to dispose of stochastic wind
power according to the stochastic dual theory and the synergistic
dispatch between wind power and EVs is realized.

The remainder of this paper is organized as follows. The
charge control problem is formed in Section II and is decom-
posed by LR in Section III. Section IV proposes and discusses
the layered and distributed framework, and Section V extends
it to consider stochastic wind power. Cases studies and conclu-
sions are presented in Sections VI and VII respectively.

II. PROBLEM FORMULATION

Generation cost is an important economic index in power
system operation and reflects the social benefits of electricity
supply when user benefits are assumed to be constant. The ob-
jective function of charge load dispatch is to minimize the gen-
eration cost directly. The generation consists of fuel cost and
startup/shutdown cost, which can be minimized in

T
min F' = Z Z [fgi (pgi,t) + sgiugi,t(l - ugz}tfl)]' (1)
t=1 gi

The fuel function f,; is usually quadratic. For simplification, s4;
is assumed to be constant. Related constraints are as follows.

A. Grid Constraints

Zpg'i,t —Prs— Z rpche;r =0 )
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The power balance constraint is presented in (2) while the re-
serve constraints are presented in (3) and (4). The upward and
downward reserve demand is determined by the load uncer-
tainty, unit outage, and volatility of renewable power which ap-
pears to be more and more important for wind power develop-
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ment. It is not considered here that EVs provide reserve. On the
other hand, EVs are assumed not to call for reserve either. The
network constraints are not included to concentrate on the basic
concept and algorithm. The grid constraints are coupled and re-
lated to many elements in the grid.

B. EV and Conventional Units Constraints

The primal use of EVs s to travel. EVs can be taken as storage
depending on user trips. An EV should meet its technical and
trip constraints as follows:

0 S pChei,t S pChei,maxu'e'i,t (5)

0 S diSPei,t S dispei,maxuei,t (6)
Eei,min S Eei,t § Eei,max (7)
Eei,t - Eei,tfl +pChei,tr’ei;cAt

— dispeit/Nes, e AL — Econse; 4 ®)

©)

Constraints (5) and (6) correspond to the maximal charge and
discharge power respectively, which is determined by power
capacity of batteries and power electronics charge equipment.
When u.; ¢ equals 0, the EVs is not plugged in, and the charge/
discharge power is limited to 0. The energy limits are expressed
in (7). The stored energy should not be beyond the storage ca-
pacity of batteries. On the other hand, given the adverse ef-
fects of deep discharge on battery lifetime, the stored energy
should not be below some level E.; min, which is often set to
be 20% of the storage capacity. Constraints (8) present the en-
ergy balance in batteries, which is related to both the charge/dis-
charge process and user trips. The energy demand of user trips
can be met naturally with Constraints (7) and (8) considered.
The power connected to the grid is calculated in (9). Given the
charge/discharge efficiency, the constraints are redundant that
EVs cannot charge and discharge simultaneously, when the ob-
jective function of charge control is minimizing charge cost, just
like the EV subproblem in Section III.

The constraints of conventional units are also included,
which are similar to those in unit commitment (UC) problems
including the maximal/minimal power output, minimal on/off
time, ramping rate and so on [14]—-[16]. They are not presented
here for simplification.

The constraints on EVs and units are separated and only re-
lated to themselves, called single constraints in this paper.

The dispatch problem is featured by the following. First, the
objective function is additive and separable. Second, the con-
straints consist of the single and coupled ones. The number of
the single is related to that of EVs and units while the number
of the coupled is relatively limited.

rpchei s = peheiy — dispei,

III. DISTRIBUTED FRAMEWORK BASED ON LR

A. Decomposition

The problem scale explodes with the EV number increasing.
LR is a widely used decomposition method to dispose of large-
scale optimization problems [17] and has been successfully used
to solve UC problems in power systems [14]-[16]. It gains a
great advantage over other methods on less sensibility to the
problem scale. Here, LR is adopted to realize the distributed
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charge control and cooperation between EVs and generation
units.

The coupled constraints are relaxed by the corresponding
dual multipliers A;, puy, and pud;, and we can get the dual
problem as shown in

T
L=F+ Z A | Pre+ Z rpche; s — Zpgi,t
t=1 e gt
T
+ Zﬂdt Rd, — ZpdTgi,t
t=1 gi

(10)

T
+ Zﬂut Ruy — ZPUTgi,t
t=1 gt

which can be decomposed as single problems of units and EVs;
see the following equations:

T
min Ly; = Y [f(pgie) + sgittgin(1 — ttgiz1)]
t=1
T
- ()\t‘pgi,t + pdspdry; ¢ + ,uut‘purgi,t) 1n
t=1
T
min Le; = »_ Mrpeheiy. (12)
t=1

The corresponding single constraints are not displayed, which
can be found in Section II.

The dual multipliers reflect the power supply and demand
situations. A, ptu, and pdy correspond to the real-time marginal
price (or cost) of the electricity, upward reserve, and downward
reserve. The single problems can be regarded as the generation
cost minimization problem of units or charge cost minimization
problem of EVs respectively. In UC, units are coordinated via
the adjustment and update of multipliers. Here, the cooperation
between EVs and units are realized by the similar idea.

B. Distributed Framework

According to the procedure of LR [14]-[17], the distributed
charge control framework can be built as the following steps.
Step 1) SO releases original dual multipliers (or prices) as
dispatch signals to generation units and EVs.

2) In response to the released signals, EVs and gen-
eration units optimize their own charge/discharge
process and operation by solving the single prob-
lems and submit their cost and power curve to SO.

3) SO calculate the dual objective function L* and cor-
responding primal objective function J* by the sub-
mitted cost and load curves respectively.

4) The relative dual gap (rdg) is calculated by SO as

Step

Step

Step

* *

~L
T L 100%.

dg =
rag T

(13)

Step 5) Ifrdgisbelow the threshold, go to step 5); otherwise,
update the dispatch signals and go to step 1).

6) The EV charge power is optimal. The unit power can
be determined by the feasible solution construction.

Step
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The EV decisions are made distributed via the decomposition.
Only the charge/discharge curves and dual multipliers need to
be transmitted between SO and EVs. The EV technical param-
eters and user trip plans are concealed. The privacy of users is
protected. Due to the large number of EVs, there is enormous
communication and summation burden on SO. Thus EV aggre-
gators can be introduced as an intermediary agent. Aggregators
receive dispatch signals of SO and transmit them to EVs. They
also collect and sum the charge/discharge curve and cost of EVs
attached to them and submit to SO. A tree organization of mul-
tilayer EV aggregators can be developed. This framework is re-
garded as a distributed framework rather than a layered and dis-
tributed framework, because the function of the aggregators is
limited to the information transmission.

IV. LAYERED AND DISTRIBUTED FRAMEWORK

A. Modifications

As shown in (12), the EV subproblems are linear, the op-
timum of which are obtained at the extreme points. The opti-
mizing region of EV charge control is lessened because of the
LR decomposition. Moreover, the linear programming is not a
strict convex problem, which may cause oscillations and a low
convergent speed in iterations [16]. Here, the augmented LR is
adopted by adding the square of coupled constraints to the La-
grange function. Taking (2) as an example, the so-called Aug-
mented Lagrange (AL) function can be obtained as

2

T
AL=L 23" | Prat Y rpcheis — Y pois | - (19)
t=1 et gi

Despite an improvement on the problem behavior, the intro-
duction of square items destroys the additive separability of the
objective function. According to the Auxiliary Problem Prin-
ciple (APP) [18], AL can be linearized in the neighborhood of
the solution in the last iteration. Thus, we can obtain

T
1 : :
AL =L+ Q—EZ S Ggiv 050"+ (rpeheis —rpcht; )’

t=1] g ei

T
+ CZ Pr,+ Z rpcheit — Zpgiﬂf
ed gi

t=1

X | Prs— Z rpehg;, — Zp’;i,t (15)
el gi

The linearized problem is separable, and the subproblems
in the (k + 1)th iteration are related to the results in the kth
step. The EV subproblem is quadric, the convexity of which is
strengthened and optimizing region enlarged. In addition, se-
vere oscillations can be avoided.

According to related conclusions in [18], the algorithm de-
veloped by APP is convergent for convex problems, when the
condition in

1

0<e< c(card(gi) + card(ei))

(16)
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is met. The charge control problem is a near convex problem
and the similar convergent conditions are needed.

In the charge control problem, the number of EVs is so huge
that ¢ must be very small and AL and the subproblems are ill-
conditioned. Thus, we introduce the charge/discharge power of
EV aggregators by the following equations:

a"rpChai.t - Z rPChei,t =0

ei€ai

> pgii = Pra— Y arpchai, =0
gi at

a7

(18)

where ei € ai stands for the EVs attached to aggregator ai.
Since (17) and (18) are equivalent to (2), their dual multipliers
are at the same value. Replacing (2) with (17) and (18) in the
AL, according to APP, we can obtain the modified subproblems
of generators, EV aggregators and EVs, presented as

1 & 2
MALgi = Lyi+ 2%, Z (Pgict *p’giz‘.t)

t=1

T
—c | Pro+ Y arpcht, , — k
pgz.t Lt y4 ai,t pgzﬁt
t=1 ai gi

(19)

T
MAL,; =c¢ Z arpchg; | Prs Jrz arpch];i’t 72 p];i;t
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T
+< E— >Z(arpchai,t—a’rPChZi,t)z (20)
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T
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During the control process, problems (19) and (20) are solved
first. The charge/discharge power of aggregators can be ob-
tained by solving (20), which is released as charge control
signals to EVs attached to them. Then EVs schedule their own
charge/discharge process by solving problem (21). The EV
charge/discharge power is summed by aggregators, based on
which problems in next iteration are linearized and solved.

Thanks to the introduction of aggregator subproblems, the
convergent conditions are modified as follows:

1

22

0<e < c(eard(gi) + card(ai)) e
1

0 <egg < c(card(eilei € ai) + 1). *)

The tiny £; and €3 ,; and ill-conditioned subproblems can
be avoided via the proper configuration of EV aggregators. In
essence, the ill-conditioned problems result from that genera-
tion units and EVs are optimized simultaneously on the same
level. The former is of large capacity but small number while
the latter is of small power scale but large number. With ag-
gregators introduced, they are segregated and optimized on the
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different layers. The power scale of aggregators can be set sim-
ilar to the capacity of units. As required in (22)—(23), both the
number of aggregators and the number of EVs belonging to an
aggregator cannot be very big. Multilayer aggregators can be in-
troduced, and similar algorithms can be developed following the
proposed method. Geographically close EVs can be allocated to
one aggregator for convenience

B. Feasible Solution Construction

For nonconvex programming, the solution of the dual
problem is usually an infeasible solution of the primal problem
[17]. In UC, the feasible solution construction can be summa-
rized as follows: 1) the dual solution of integer variables are
assumed to be optimal and the primal problem is reduced to
an economic dispatch problem; 2) the power output of units is
determined by solving the economic dispatch problem; and 3)
if the economic dispatch problem is infeasible, heuristics will
be included to modify the integer solution. The construction of
feasible solutions is carried out in every iteration [19].

Given the large number of EVs, it is impossible to determine
the charge power of EVs in the economic dispatch problem.
Thus, we assume the charge/discharge power to be optimal, and
the primal problem is reduced to a generation schedule problem,
the feasible solutions of which can be constructed by the method
adopted in UC. It has little influence on the quality of charge
power solutions, the optimizing region of which is enlarged by
the introduction of square items.

In addition, penalty functions can be employed to restrain
the discrepancy between the supply and demand of power and
reserve, which guarantee the feasibility of the reduced primal
problem. By this way, we can avoid constructing feasible so-
lutions in every iteration and the calculation can be simplified.
When the iteration is converged, the feasible solution can be
constructed via the existing methods.

C. Framework Overview and Implementation

Sophisticated aggregators are necessary to avoid the ill-con-
ditioned problems, and their functions are induced by related
algorithm analysis. Based on it, we propose the layered and dis-
tributed charge load dispatch framework. Here related work in
Part A is re-organized to elaborate the framework and the dis-
patch process.

The framework usually consists of three layers, SO Layer
(L1), generation unit/main EV aggregator Layer (L2) and EV
Layer (L3), as shown in Fig. 1. To some large-scale grid, there
can be multiple layers of subaggregators between the main ones
and EVs, which form a tree-like charge load dispatch system.
The levels are coordinated as follows.

In L1, the cooperation of the whole grid is carried out by
SO. It releases dispatch signals (dual multipliers or marginal
price) to generators and EV aggregators, and keeps adjusting
and updating the signals according to the response of units and
aggregators until the iteration is converged.

In L2, units and aggregators schedule their operation in re-
sponse to dispatch signals. The on/off state and power output
are decided by units and submitted to the SO. The aggrega-
tors cooperate with units via SO and coordinate the charge/dis-
charge process of EVs attached to them, as an intermediary be-
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Fig. 1. Procedure of the layered and distributed framework.

tween EVs and SO. Given the dispatch signals, aggregators de-
termine their charge/discharge power and transmit them to EVs
as charge control signals in along with the dispatch signals. The
aggregators can be configured according to their geographic lo-
cation and EVs in the same zone can be divided into the identical
aggregator.

In L3, the EV charge/discharge power is optimized within
related constraints based on the dispatch signals from SO and
charge control signals from the superior aggregator. In addition,
EVs should submit their charge plan and cost to their superior
aggregator.

With the related algorithm shown in Fig. 2, the proposed dis-
patch process can be summarized in the following steps.

Step 1) Before a new dispatching period (usually 1 day)
starts, SO release a set of the initial dispatch signals.

2) According to the dispatch signals, the generators for-
mulate their own optimal operation plan and submit
their plan to SO;

3) According to the dispatch signals, the aggregators
schedule their charge/discharge process, produce the
charge control signals, and transmit them to affili-
ated EVs in along with the dispatch signals and the
charge/discharge power sum in the last iteration;

4) EVs optimize their own charge/discharge process in
response to the dispatch signals and charge control
signals and submit their charge/discharge curves to
superior aggregators;

5) Aggregators sum the charge/discharge power of EVs
attached to them and submit to SO;

6) According to the information submitted by the gen-
erators and aggregators, the relative dual gap rdg is
calculated and the convergent condition is checked;

7) If convergent, the dispatch process is ended and the
dispatch schedule is fixed; Otherwise, the dispatch
signals is updated and released by SO and go to step
2).

As shown, two kinds of signals are included in the charge load
dispatch: the dispatch signals released by the SO which take ef-
fect across the grid and the charge control signals formed by
every aggregator which work within the aggregators. To EVs,
the former contain price or marginal cost information of the grid
at different times and guide them to charge when the price is
lower and discharge when the price is higher, while the latter

Step

Step

Step

Step

Step

Step
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SO releases the dispatch signals
(dual multipliers)

v

Aggregators optimize their
operation by solving(20)

A 4 +

Charge control signals are generated

and released to EVs, as well as the

dispatch signals and the aggregated
power in the last iteration

v

EVs schedule the charge/discharge
process by solving (21) and submit
Generators (including wind to aggregators
farms) submit operation plan to
SO ¢

Generators (including wind
farms) optimize their operation
by solving (19)

A 4

Aggregators sum and submit the
charge/discharge curves to SO

v

SO Calculates the relative dual gap,
rdg

L

Yes

Fig. 2. Procedure of the layered and distributed framework.

SO updates dispatch signals
according to (24)

reflect the charge/discharge power of aggregators in the last iter-
ation and are adopted to avoid oscillations of EV charge sched-
ules. In the framework, the charge control signals are obtained
by solve the aggregator sub-problems while the dispatch signals
or dual multipliers in other words, are updated by SO according
to power output of units and charge/discharge power of EVs
in each iterations. Similar to UC problems, many methods can
be used to update multipliers, here the subgradient method is
adopted [14]-[16]:

)\f'H = /\i€ +b | Pr;— Zp’;i,t + Z 'rpch§i7t (24

gi el

As proved in [18], the algorithm is convergent if b lies in (0,2¢).

Compared with that in the distributed framework, the func-
tion of EV aggregators is strengthened and stressed. Aggrega-
tors are requested to form local charge control signals and take
an active part in the grid cooperation as well as transmit infor-
mation between EVs and SO. Small-capacity but large-number
EVs are aggregated to provide controllable resources for the
grid, like generation units.

Despite the introduction of the aggregators, there is only an
iteration loop needed in the framework. The time consumed is
determined by the iteration number and time consumed in every
iteration. Compared with solving UC by LR or the augmented
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LR, the proposed framework only spends extra time on the com-
munication delay in every iteration, since the EV and aggre-
gator subproblems are much simpler than the generator sub-
problem. The communication delay is related to the device in
the smart grid, but the information to transmit is very limited,
just including the dispatch signals, the charge control signals
and the charge/discharge schedule. On the other hand, the it-
eration number is related to the grid property and selection of
parameters. Further work is needed on the parameter selection
and optimization to accelerate the iteration. In addition, the it-
eration number can be an alternative stopping criterion.

The proposed framework is similar to the hierarchical dis-
patch mechanism now used in China and many other countries.
Different from the existing open-loop one, it introduces infor-
mation feedback of EV/unit behavior. Thanks to the develop-
ment of smart grids, the framework can be implemented by con-
structing multi-agent systems including SO, aggregator and EV
agents [20].

V. EXTENSIONS TO INCLUDING WIND POWER

A. Model Considering Wind Power

Different from conventional generation, wind power is sto-
chastic and intermittent. Similar to many existing papers [21],
the wind power is modelled by the multi-scenario model, which
can be built via the scenario generation and reduction based on
probabilistic wind power forecast.

The charge load dispatch model is modified for wind power.
First, the objective function is modified to minimize the gener-
ation cost expectation in different scenarios, as shown in

T
min F :ZZ Sgittgi (1 —ugiz—1)

t=1 gi

+ Zp'rObsfgi(pgi,t,s) (25)

Second, the dispatched wind power should be less than the
simulated wind power in every scenario, i.e.,

0 S RWwi.t,s S Wwi,t,s- (26)

Finally, the conventional unit power is re-dispatched to bal-
ance wind power in every scenario. The operation of conven-
tional units should meet the intra-scenario power adjustment
constraints shown in

Pgit.sy — Pgit s S Agi (27)

as well as their constraints in every scenario. The stochastic na-
ture of wind power is described by possible scenarios. Correc-
tive actions of conventional units are needed to mitigate power
unbalance caused by wind power volatility (real wind power
changing from one scenario to another) and the correction scale
is restricted by permissible adjustment range of the units.

The charge/discharge power can also be dispatched to bal-
ance wind power. However, it isn't considered in this paper to
guarantee trip need of users can be met all the time, reliably and
sufficiently. Replace (1), grid constraints and conventional unit
constraints with (25), scenario grid constraints and scenario unit
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constraints, take (26) and (27) into consideration, and we can
obtain the charge load dispatch model including wind power.

The proposed model is two-stage. The unit commitment and
charge/discharge power of EVs are determined are on first-stage
and the generation output done on the second-stage. However,
by means of the dual multipliers of the second-stage problem,
the problem is transformed into a series of one-stage single
EV/unit problems.

B. Modification on Algorithm

Due to wind power, the problem becomes a multiscenario
problem and so are the coupled constraints. The dual theory
and ALR algorithm has been validated to solve multiscenario
UC problem in a distributed framework [22]. Here the similar
idea is adopted and the dispatch signals (dual multipliers) can
be extended to the multiscenario ones. AL can be modified as

T
AL=F+ Z Zp'r'()bs)\t,s
=1

8

X PL,t + Z rPChei,t - Zpgi,t,s - Z RWwi,t,s
et gt wi

T
+ Z ZprObS,Udt.s Rd; — Zpdrgi,t,s
t=1

s gi

T
+ Z ZprObsp‘Ut,s Ru; — Zpurgi,t,s
t=1

s gt

T
+ Z Zprobﬁ (PL,t + Z rcphei 1
t=1

s e

(28)

- E Pgit,s — E RWwi,t,s
gi wi

where both the constraints and their probability are considered.
Corresponding subproblems of units, wind farms, aggregators,
and EVs can be obtained. In addition, the multiplier update
method is in the form of

Af:i—l :Afas - b ’ prObS (PL’t + Z Tcph'ei,t

el

- Zpgi,t,s - ZRWwi,t.s - (29)
gi wi

The consideration of wind power affects the convexity of the
problem further. ALR is necessary to manage the proposed mul-
tiscenario model [22]. Thus, it is essential to introduce the EV
aggregators and the layered and distributed framework to avoid
ill-conditioned subproblems.

VI. CASE STUDY

Case studies are carried out on IEEE-RTS [23]. There are 80
million cars in China, where the maximal electricity load is 500
GW. At the same ratio, the number of EVs is assumed to be
50000 with 10% EV penetration. The EVs are divided into 50
aggregators on average. The trip pattern distribution such as the
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TABLE I
TYPE DISTRIBUTION OF EVsS

Types of EVs Capacity Maximal Charge Power Percentage
1 20 kWh 32kW 60%
2 30 kWh 48 kW 30%
3 40 kWh 6.4 kW 10%

departure time and trip distance can be found in [24], [25], and
the distribution of EV types is assumed as that in Table I.

The comparison between the proposed method (Method 3)
and existing distributed method in [13] (Method 2) is included.
Due to the large number of EVs, the problem appears to be in-
tractable for the centralized method (Method I). What's more,
Method 2 is related to the number of EVs and will introduce
ill-conditioned individual EV problems. On theory, it cannot
handle the charge control of vast EVs. As a result, an artifi-
cial group is considered, in which the EVs attached to the same
aggregator are with the identical trip and technique parameters
and the aggregators can be seen as enlarged EVs. The charge
of aggregators is optimized instead and the obtained charge/dis-
charge power of aggregators are divided to EVs on average since
the EVs are identical. If the aggregator could meet the enlarged
constraints, every EV would meet its own constraints. Thanks
to the limited number of aggregators, Method 1 and Method 2
works well with the artificial EV group considered. Thus the
comparison is carried out to explain the advantage of Method 3
on reducing generation cost and the results of the Method 1 are
chosen as reference.

On the other hand, the simulation on Method 3 is carried out
to test its performance in a more real case. A simulated group
is considered, in which the parameters of different EVs in the
same aggregator are diverse.

EV parameters are sampled by the Monte Carlo Method ac-
cording to the related distributions. There are 50 kinds of pa-
rameters for the artificial group while for the simulated group
the number is 50 000.

The case studies are presented in two parts. In Section VI-A,
the comparison between the existing and proposed methods is
emphasized while the framework is extended to include multi-
scenario wind power in Section VI-B.

A. Cases Without Wind Power

In this part, the 300 MW hydro generation is omitted and the
maximal conventional load is modified to be 2550 MW corre-
spondingly, which is 2850 MW in the standard IEEE-RTS.

The generation cost of the methods is compared in
Table II with the artificial group considered. The Method 1
carries out a unified optimization on the whole controllable
resources and obtains the lowest generation cost. The genera-
tion cost gotten by Method 2 and Method 3 is a little higher.
However, Method 1 is not able to dispose of large population
of EVs and the user privacy is influenced.

Compared with Method 2, Method 3 can obtain less gener-
ation cost in both pure charge control and V2G, considering
the unit operation and optimizing the generation cost directly.
There are some intra-temporal constraints on generation units,
which results in that the generation cost is not only related to
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TABLE I1
GENERATION COST OF DIFFERENT METHODS (WITHOUT WIND POWER)

) Existing Proposed
Modes Cost Centralized
Distributed Method
Fuel 723 621.21 723 837.29 723 143.86
Pure Charge
Start/Shut 1780 2200 2300
Control
Sum 725401.21 726 057.29 725 443.86
Fuel 721 706.736 723 408.50 722 251.96
V2G Control  Start/Shut 2020 2020 1780
Sum 723726.73 72542850 724 031.96
TABLE III
PRODUCTION INDEXES IN DIFFERENT CASES (WITHOUT WIND POWER)
Pure Charge V2G
Indexes Fast Charge
Control Control
Fuel cost($) 733 884.79 723 902.75 722 136.11
Startup/Shutdown cost($) 2080 1780 1700
Total cost(S) 735 964.79 725 682.75 723836.11
13.99 13.79 13.75

Thermal unit cost($/MWh)

fuel cost in all timeslots but also influenced by the start-up/shut-
down cost and adjustment between/among continuous times-
lots. Method 2 is efficient in optimizing the former (fuel cost)
but it neglects the latter. When intra-temporal constraints (e.g.,
the start-up/shut down cost, minimal on/off time and ramp rate)
are overlooked, the generation cost obtained by Method 2 is
$677 937.8 while for Method 3 it is $677 938.1. On the other
hand, if there were enough EVs, the load curve was flattened to
be straight and Method 2 could do as well as Method 3 in min-
imizing the generation cost.

The applicability of Method 3 for masses of EVs is analyzed
and tested in a more real case with the simulated group con-
sidered. The simulated charge energy demand is 957.63 MWh,
covering 1.6% of whole electricity demand. The uncoordinated
fast charge (Case I), pure charge control (Case II), and V2G
control (Case III) are analyzed. In Case II and III, Method 3 is
adopted. The generation cost and net load curves are shown in
Table IIT and Fig. 3, respectively. The generation cost is reduced
in Case Il and Case III. Pure charge control and V2G are able to
level the load curve, decrease the start-up/shut-down cost and
improve the operating efficiency of units.

The iteration process is presented in Fig. 4. As shown, no
matter whether the pure charge control or the V2G control is
considered, there are always some oscillations in the distributed
framework. In contrast to it, the gap decreases monotonously in
the layered and distributed framework. The introduction of the
EV aggregators help to avoid the oscillations and accelerate the
convergent process, which is both important and necessary.

Based on the studies in this part, it is safe and easy to reach
the conclusions that: 1) the layered and distributed framework
can provide a near optimal charge control scheme and performs
better than the existing distributed methods and 2) it applies to
vast EVs and is proper for both pure charge control and V2G
control.
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Fig. 4. Iterative process of pure charge/V2G control in different framework.

B. Cases Considering Wind Power

The 300-MW hydro generation is replaced by 960-MW wind
power in this part. The distribution of forecasted wind power
is assumed to be normal, whose standard deviation is assumed
to be 20% of the expectation. The power statistics of a certain
wind farm in the Northwest China Grid are chosen as the wind
power expectation and the wind power is enlarged at the same
ratio as wind generation capacity.

When the artificial EV group is considered, the generation
cost obtained by different methods is shown in Table IV. Like
those in Section VI-A, the similar conclusions can be obtained.
In Method 2, EVs are coordinated to balance wind power. The
cooperation among EVs is included but the cooperation between
EVs and generation, especially wind power is not considered.
For example, there may be wind spillage in some extreme wind
power scenarios for the safe and economic grid operation. EVs
can track the original wind power curve but they fail to track the
curve considering wind spillage via Method 2. The optimal op-
eration of conventional generators and wind farms are included
in Method 3 which takes the cooperation between EVs and gen-
eration into account and achieves less generation cost.

For the simulated EV group, the generation cost and net
load curves of different cases are shown in Table V and Fig. 5.
Method 3 still works and the generation cost is reduced in Case
II and Case 111, too. V2G is more flexible and can provide more
controllable resources for the grid than the pure charge control.
Although the wind spillage in Case III is a little larger than
that in Case II, V2G helps to keep conventional units operating
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TABLE IV
GENERATION COST OF DIFFERENT METHODS (INCLUDING WIND POWER)

Existing Proposed
Modes Cost Centralized
Distributed Method
Fuel 61564726 61662553 616 373.55
Pure Charge
Start/Shut 1 940 1940 2 060
Control
Sum 617 587.26 618 565.53 618 393.55
Fuel 609 215.04 612530.043 609 721.62
V2G Control  Start/Shut 1700 1900 1 860
Sum 610915.04 614 430.043 611 581.62
TABLE V

PRODUCTION INDEXES IN DIFFERENT CASES (INCLUDING WIND POWER)

Pure Charge V2G
Indexes Fast Charge
Control Control

Fuel cost($) 629 835.28 615 606.48 611 051.57

Startup/Shutdown cost($) 1980 1 900 1 860
Total cost($) 631 815.28 617 506.48 612911.57

Wind Spillage (MWh) 146.38 33.00 50.08

Thermal unit cost($/MWh) 13.72 13.45 13.33
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Fig. 5. Net load curves in different cases (including wind power).

more efficiently. The cost for per unit energy is less and the
total generation cost is reduced. Charge control and V2G can
not only reduce fluctuations of load but also improve operating
efficiency of conventional units.

In this part, the proposed framework is verified still valid
when the multi-scenario wind power is taken into consideration
and able to coordinate EVs and stochastic wind power.

VII. CONCLUSION

We have proposed a novel layered and distributed framework
to dispatch charge load of considerable EVs to minimize the
generation cost, with stochastic wind power considered. The
framework features in EV aggregators which play an important
part in coordinating different layers. The necessity and function
of aggregators is explained according to APP, while LR pro-
vides the decomposition and cooperation theory and modified
ALR is proposed to dispose of large populations of EVs. The
feasibility and validity of the proposed framework is verified
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via case studies on IEEE-RTS1979. Compared with the existing
methods, the proposed method gains the following advantages:
1) it applies to a large number of EVs and can achieve less gen-
eration cost directly; 2) not only is the cooperation between EVs
considered, the synergy between EVs and generation especially
the stochastic wind power is also included; and 3) the method
is with a larger application scope including the problems with
coupled constraints.

The proposed framework also throws some light on the dis-
patch of other kinds of controllable load and implies a novel
market mechanism considering the interaction between genera-
tion and load. However, the power flow constraints and auxiliary
services provided by EVs are not included, which need further
studies.
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