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Control Strategy with Game Theoretic Approach in DC
Micro -grid

Mingxuan WUt Lei Dong2 Furong Xiao® Xiaozhong Liad

Abstracti This paper proposes a decentralized control
algorithm for DC micro-grid which is based on thegame
theory without communication, the proposed algorithmis an
application of the Nash certainty equivalenceprinciple. Since
it is achieved without communication, it benefits from
concerred reliability issues Compared with the droop
control system extensive analysis based on simul@ons
demonstrates that the proposed modeling, although
simplified, is sufficient for an adequate control system design
The proposed control algorithm brings more accurateDC
bus voltage andgood current sharing performance. The
simulation results verify the voltagestability and accuracy of

the accuracy of load sharingcreased droop gain scheme
is adoptedHowever, increased droop gain has a negative
impact on the overall system stability. Moreover, it
increases the range of system voltaggations [ 3-15].

In this paper, a control strategy is proposed based on the

game theorywhich doesnot depend on communication
infrastructure As is shown in the Fig. the multiple DG
systemis modeled ana&mploysgametheory[9] to design
control strategyThecontrol strategycan minimize output
voltage errorlt is found thatperformance okachDG is

DC bus, and currentsharing control of DC-DC converters

. , practically independent ithe system.
are achieved simultaneously.
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Nowadays, energyand environmental problems are : | I
i 1 Garre ! !
interrelatedwith the factors, such athe growth of energy oo o et T
demand, and the high quality with safe and reliable n e T

electric requirement. Against the background of these
problems, a large number of distributed generations (DGSs)
are being installed into power systems. However, it is well
known that an insertion of many DGs affects power
quality ofthe utility grids, andit may cause problems such
as rising of voltage and protection problem. In order to ThedecentralizedGs charging control problem is a form
solve these problems, onetbe solutions is to construct a of non-cooperative game, where a large number of selfish
new power system, i.e. micro-grids which have been  DGs transfer the electricity resources to B line bus to
especially researched all over the world [1RC ensure theDC bus voltage stableThis paperpresentsa
distribution micregrids are suitable for those kinds of novel control strategy that achievd&shequilibrium by
energy storages and DGs, which can reduce conversioBimultaneously updating eacldGés best individual
losses and gply high quality powef2]. There are some  strategy with respect to minimize the cost functidhe
advantagesisingDC micro-grid in practice B]. algorithm is unrelated to the number BEs, since they
update their control strategysimultaneously and
In the literature, most control strategies depend on andependently The proposed decentralized charging
communication infrastructureReferencel4] presentsthe control strategy drives the system asymptoticallyato
operation ofa multiagent system for the control foa unique Nash equilibrium.
micro-grid. The expensive communication systeran be
avoidedby usingactive power/frequency droop contial
the conventional grid control syster,{]. An improved
droop control principle is presentddr the control of
generators in an islanded moegrid [8]. The droop control  can make the DC bus voltage stable and load sharing
method is a goodolutionfor load sharingHowever, the  Nash equilibrium is the most important concept in game
conventional droop method also has several drawbacksheory.In fact Nash equilibriumisakinddist al e mat e ¢
including a slow transient response, a traffebetween  in which no one is interested amanging16].
load sharing accuracy and voltaggviation [L2]. The load
sharing accuracy is affected by IlineDG output
impedances and corresponding voltage dropsmprove

Fig.1 Multi-circuit systemwithout communication

Il. DECENTRALIZED CHARGING CONTROL PROBLEMS
FORPCsSIN MICRO-GRID

The proposed algorithm is an application of thecalbed
Nash certainty equivalenceprinciple The control
algarithm can achieveoptimality of the microgrid, i.e. it

Definiton 1 A collection of control strategies
{d;;nl’ N} is Nash equilibrium if each individual DG

The paper first receivetB Dec2012 and in revisedorm 13 Mar 2013. can kenefit nothing by chaging its own strategy
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where dfn is the collection of control strategies of the
whole DGs withouDGn [19].

In other words,d; is the solution of mimum cost
function

d. i argmind, @ ;- .d,,.d, .04 .d) @

n=12;-,N.
Therefore,d:1 is the control strategy which can obtain the
minimum value of cost functiod, (d,) .

If the two abovementioned conditios are achievedy
each DG, the micrgrid will achieve the statef Nash
equilibrium, i.e. the DC micrgrid will keep voltage
stable and load sharing.

A.Virtual Rivals Strategy

Assuming there aren+1 DGs supply power for the
micro-grid which meas there aren rivals for every DG.
Estimation of supply peer strategy for every rival will be

difficult to calculate because the workload is extremely

large. In this paper, a conception of virtual rivals is
introduced which meanso take the other DGs as an
equivalentvirtual rival. This will simplify the estimation
for every rival and it has advantages as fo#ow)
Simplicity: Reducingthe number of rivals fromn to 1
simplifies the model and the comgity of calculation
greatly and 2) High estimating accuracy: Estimating
supply power strategy fof rivals, since theuncertainty

is too much for every rival, so the estimating error is
relatively large [5]. When estimating theuggplent rival,

the randomness will be offset and the estimating accurac

is enhanced.

By this way, the methodimplifies the nplayergame
problem to tweplayergame problem that simplifies the
complexity of problem greatly. Therefore, in the
discussionof this paper, we only discuss the twtayer
game problem because it has the same resuliptdyer
game problem.

B. Proposed Optimal Controller

The underlying decentralizeDGs charging control is a
noncooperative dynamic gamdsach DG sharesother

DGs with the information byDC line bus voltageSo we

need formulate the decentralizedGs charging control
problem as a dynamic games.

We consider charging control of eabi&s of size M with

the charging timet={0,1,---, T 4T, T %*%--, }
where T denotes the ultimate charging steadily instant.
The serial number of DG is denoted as

M ={0,1,---,n,---,N}. With a control strategy of micro
grid with game theoretic approach, we assume EGs$
achieve Naslequvalenceat time T . The objective is to
implement a collection oDGs charging strategy that
achieves dual objectives, 1) theéDC line bus voltage

55

achieves setting value of voltage, and 2) éaghachieve
the state of current shagn

The objective of the control is to minimize the output
voltage error. Hence a definition of the cost function of
eachDG N is given by

m=t 1

J(u=AP B3 (ky Ky ki)

=Aul Ba (ky Ky ki) Oy o™
A, B, D,k , k,and k, are all nonnegative

constant P represents the output powefr the eachDG,
U andi denote the output voltage and currenthefeach

PC, U, is the voltage reference of tBC line bus.

Ty Y
3

where

As is shown in(3), the output current, voltagand errorof
the systenvoltageoutput are included in theost function
Where AP denotes the output power, which has the
minimization of the input to the system results in

minimum input energy (minimum cost) Where
m=t 41

Ba (ky- ky —Igjﬂ)2 determines the penalty for
m=0

deviating from the setting value, ar®(u, - y)* denotes

minimization of the output error that is one of the main
targets of the systent will be shown that the presence of
the squared deviation term ensuresnargence to a
unique collection of locally optimal strategieghich is
Nash equilibrium [11]. Tie cost incurred in deviating from
thevoltage referencef the DC line bus.

This paper proposes @ntrol scenariowvhich individual
DG minimize its own operaing costfunction (3). In order

);o minimize its own operating cost, it is adeptby

calculatemethod of the extremealue of binary function
[10].

Therefore, we can demonstrate using the control (w
and(5) can minimize its cost functiof8). The cortrol law
can be simplified as:

I%a ku «u ki) 2B(y Uy} (@
and ) _
=k, o ®

According tothe transformation i) and(5), through the
voltage referencel, ,the previous voltagél,and current

i, (M=0,1:-,t -1)and present voltagl, cancalculate

the reference currerf which can beobtained and then

detect the outputurrenti . Finally, Pl adjust is adpted

for a current closed loop to ensure a suitable power output.
The local information suchas output voltageU and
output current can be detected directlyt is obviousy
thatonly local information an minimize the cost function.
Accordingly, using this methodcan achieve desired
performance involtage regulation ancturrent sharing



among theDGs. Such a structure has notable advantages,here the set

such assimplicity and reliability. And this method can
satisfy he most important characteristics of thiero-grid,
i.e. plug and play.DG can be considered as different
agents. Assuming each agent&ationab which means
every agentalways following the maximum of its own
benefit function.Finally, the microgrid system achieves
the state of Naskquilibrium

Il . SMALL -SIGNAL MODEL OFGAME THEORETIC
STRATEGY

A linear model is necessary for designing linear controls.
An average model is sufficient for the bandwidth
requirements of typical application&7]. Accordngly, a
simple average model for thmick converteris developed
based on ideal transform concepts for switching. DGés
converter shown in Fig. 8an bereplaced by an average
model.

Fig. 3 Themoduleof buck converter

Attime t =[0,d]T, the switchQ is turned on,
€ i, (t)=i.()

RGETRG) ©

whered is the duty cycle of thewitch Q, ia is the input
current ofterminal @, I, is the output current arminal

C. U and Uy is the voltagebetweenterminalsa, p
and C respectively.

At time t =[d,1]T, the switchQ is turned off,
é i,t)=0
I —
i Uep (t) =0.

Ideal tranformer averaging concepts can be directly
applied tobuck converter. A large signal average model
can be formed with transformers by realizifg) &nd {7)
and similar average current equations,

g LO=0.0) d

10,0 =T, () *d “

The small signal model is formed from the large signal

Asian Power Electronics Journal, V@).No. 2, Dec2013
{D, Voo Vo 1, | } defines a particular

operaing point and the set{(fl@p, Ecp, EE} defines

perturbing. The nonlinear model for the converter
operating in the continuous conduction mode is given by

¢ L+ P H
v+ {v, &) (D B+
The dynamic model given irB) is nonlinear and caot

be directly employed to design a control systeith the
most commonly used techniques, which require a linear
model. However, if the magnitudes of tperturbaons

are much smaller than their steestate values, the
nonlinear terms can be ignored thout resulting in
significant error, and a linear approximation of the system
is obtained.Assuming gnamic componest are much
smaller tharsteadystate componest

I

ap

\Y

ap

E
=<1 (10
|

c

[
1<

cp

&
— < 4’
D

1<
|

a

So the infinitesimal of higher orderg3 & and u:‘;p3 &

can benegleced. Hence, 10) can be divided into steady
state component anmkrturbingcomponent respectively.

Steadystatecomponents
gl =1, D
1 (11
i\/(:p :Vap 3D'
Perturbingcompament
g E=i,D 1 P
= 12

| - .
TLECp:|EaD 3D Vap @

Thus, a smalkignal reducearder linear model for the
buck converter can be defined Bg. 4.

T

Fig. 4 The smalsignal equivalent circuit model of buck
converter

Table 1. Parameters of the smalsignal equivalent circuit

. . model.
model by perturbing the large signal parameters about = Parameters Values Onit
ticul ti int:

parficu arvope_ra Ny poin . o Output inductor 10e2 H

d=D 4 T() ¥ B, 1O V7 W, Resistance of load 20 W

T = ,-‘E, - |= E+ Output storageapacitor  300e6 F

Ia( ) a a IC( ) c | c Load 20 W
Switching frequency of 2 kHz

the converter
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The parameters othe smalsignal model aregiven in
Table1, the transfer functiongl3) and (14)can be easily
obtained appiing the Laplace transform iri2) assuming
zero initial conditions

1
G (S) ﬁ(S) CS//R — Uin (13)
v 9 1, g4 s SLC+sURH
CS
Fs) (9 E Es)
G (9=~ ==———=G, (9=

&y &9 §(3 i s)
=G, (9 1 1rsCR Y (44

U1, o SLC+sUR4 R

Cs

Therefore, the open loop smaignal model without game
theoreticcontrol is obtained, and the bode plsitG,, ()
is shown as Fig. 5,

Bode Fl ot

Magituce (B

BEggobEosyBy
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&l
)

10°
Frequency (HD

Fig. 5 The bode plot oG ()

As is shown in the Fig.5, phase margin is only aldd,t
the system is in a critical steady statéhen the proposed

gametheoreticcontrol is adopted, the close loop structure

is illustratedin Fig.6.

Fig. 6: Theclosal loop structure of circuit with game theoretic
control

The equations of control are

£ =kl 3(k‘E K& kB+K(E , &) 19

o_ref 0_ref 270 0

cE:(

oT|'|(

(K, K, §>. 16

Combine the 15) with (16)

@ K 3(Kloref KZEO KKEO+K 0_ref Ec) EJ'(K 3K1)

:[(KKﬁ K)E (—KKZ—l KYE (KK, 1)E]+(KP3KI—]) 17
S - S S S

=[(KG(3 +)& ., (KG(3 WE (KA » DE+ G p
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2BK,
A

K =

1. 1.
whereG (9 = K=~ G,(9 =K, +K =
S S

Assuming the inputoltageU, =20V, the parameters are
given as dllows, K =0.01,K =0.5, K, =0.5, K, =1,

K,=1, K,=0.8, K,=0.2. The open loop gain of
current can be given by

6310°s” +10.1% 0
62 10°s’ H0°S 20

(19

id

Also, the bode plot can be obtained as Fig. 7.
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Fig. 7. The bode plot of current loop

As is shown in the FigZ, phase margin is aboul@, the

design of current loop is in a steady stdtkerefore, the
close loop structure with game theoretic controFig. 6

can be simplified as Fig.

E,re! (S) L e .S 1 iE_ref G2 d | i (S)
—>_O—>K1+KR > K§ HGG,6 y
1
| K, +K %(K +K K 34{1)

Fig. 8: Thesimplify close loop structure of circuit with game
theoretic control

As is shown in the Fig8, the overall opetoop transfer
function is obtained by

S 1
T.(9)- (K =+K, K, )G< K ) K&
Kk > K Gvd K s
K
G G 1 1
s——t— G ()= ——— (KG, KK-G KK-G) (19)
1+GG,(9) 1+G,G, s s
3310°s’ +5.06 10s 1068 208 02
18010 +24 30S 18536 1S 86 1€ 0L X

Through the overall opelvop transfer functionthe bode
plot canbeobtairedas Fig. 9.
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Fig. 9 The bode plot of overall open loop transfer function
From Fig.9, it can be seen that phase margin is ab6ut 8
the system is in a steady state.

Throughthe smalsignal model of the system control with
game theoretic strategy, the design of the controller is
stable.

IV. NUMERICAL SIMULATION
In this part,by using the concept of virtual rival strategy,

system composed of twdGs with a resistive loadnd a
storage devicés used for simulate the micigrid system
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regulation. Although using th&raditional droop strategy
can meet the request of output curresttaring the
regulation ofDC line bus voltage is not ideal.

Compared with the traditional droagntrol strategy and
directly parallé strategy, the gameontroller has a good
performance on voltage regulation and cursdvdring As

is shown in the Figl3, it is clear that the output current of
each circuitis almost the same and the voltage is
maintained in20V. In addition, the redation time of
game system is as long as the traditiamaitrollers which
adoptthe droop strategyn conclusionthe game theoretic
method is possible to controkeach systenrapidy and
independently.

In this paper, we adopt the buck converter as the main

circuit of controller. OneDG is consisted ophotovoltaic
generator and its controller, and the otB& is consisted
of wind turbine ad its controllerThe simulatiorstructure
of simplified system of micrarid is showrasFig.10, and
the parameters othe model are as follows: the output
inductor is10e2 H, the resistance of load is 0, the
switching frequeng adopt 2kHz.

iy oC Bus

u,

T
1

control |l er

WWND control | er

Fig. 10: Simulation structure of simplified system of miegdd

A. SimulationExperiment

According to the design parametesbove and the
referencevalue of the DC line bus voltage is 20vhd
results obtainedfrom simulations in MATLAB are
represented ifrig. 11, Fig. 12 and Fig.13which showthe
state of micregrid with different control methal The
current of eactDG is shown in the upper picture, and
voltage ofDC line bus is shown in the lower picture. At

Fig.11: State of micragrid system with the open loop control
strategy

Fig.12: State of micrayrid system by droop control method

the upper picture, the two curves indicate the current of

photovoltaic generator circuit

respectively.

and wind generator

When twoDGs are adopted open loop control, the results

of current share mainly depend dhe symmetry of
module parameterd\s is $iown in the Fig.11, it is clear
that the voltage is maintained i8\2 and the performance
of the currensharingis bad. Although using the open loop

control can meet the voltage regulation, the performance

of the currensharingis not ideal.

When the rtro-grid system adopt the droop control
strategy, as is shown in Fi@2, it is clear that the output
current of each circuis almostthe same, and the error of
currentis less than 5%However the voltage oDC bus is
only maintained about7V which causa a dropin voltage

Fig.13: State of micrayrid system by gamheoreticstrategy
method
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