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AbstractïThis paper proposes a decentralized control 

algorithm for DC micro-grid which is based on the game 

theory without communication, the proposed algorithm is an 

application of the Nash certainty equivalence principle . Since 

it is achieved without communication, it  benefits from 

concerned reliability issues. Compared with the droop 

control system, extensive analysis based on simulations 

demonstrates that the proposed modeling, although 

simplified, is sufficient for an adequate control system design. 

The proposed control algorithm brings more accurate DC 

bus voltage and good current sharing performance. The 

simulation results verify the voltage stability  and accuracy of 

DC bus, and current-sharing control of DC-DC converters 

are achieved simultaneously. 

 
KeywordsïNash certainty equivalence principle, DC Micro -

grid, game theory, distribute generation 

 

I.  INTRODUCTION 

 

Nowadays, energy and environmental problems are 

interrelated with the factors, such as the growth of energy 

demand, and the high quality with safe and reliable 

electric requirement. Against the background of these 

problems, a large number of distributed generations (DGs) 

are being installed into power systems. However, it is well 

known that an insertion of many DGs affects power 

quality of the utility grids, and it may cause problems such 

as rising of voltage and protection problem. In order to 

solve these problems, one of the solutions is to construct a 

new power system, i.e. micro-grids which have been 

especially researched all over the world [1]. DC 

distribution micro-grids are suitable for those kinds of 

energy storages and DGs, which can reduce conversion 

losses and supply high quality power [2]. There are some 

advantages using DC micro-grid in practice [3]. 

 

In the literature, most control strategies depend on a 

communication infrastructure. Reference [4] presents the 

operation of a multi-agent system for the control of a 

micro-grid. The expensive communication system can be 

avoided by using active power/frequency droop control in 

the conventional grid control system [6,7]. An improved 

droop control principle is presented for the control of 

generators in an islanded micro-grid [8]. The droop control 

method is a good solution for load sharing. However, the 

conventional droop method also has several drawbacks 

including a slow transient response, a trade-off between 

load sharing accuracy and voltage deviation [12]. The load 

sharing accuracy is affected by line, DG output 

impedances and corresponding voltage drops. To improve 
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the accuracy of load sharing, increased droop gain scheme 

is adopted. However, increased droop gain has a negative 

impact on the overall system stability. Moreover, it 

increases the range of system voltage variations [13-15]. 

 

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

game theory which does not depend on communication 

infrastructure. As is shown in the Fig. 1, the multiple DG 

system is modeled and employs game theory [9] to design 

control strategy. The control strategy can minimize output 

voltage error. It is found that performance of each DG is 

practically independent in the system. 
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Fig.1: Multi-circuit system without communication 

 

II.  DECENTRALIZED CHARGING CONTROL PROBLEMS 

FOR PCS IN M ICRO-GRID 

 

The decentralized DGs charging control problem is a form 

of non-cooperative game, where a large number of selfish 

DGs transfer the electricity resources to the DC line bus to 

ensure the DC bus voltage stable. This paper presents a 

novel control strategy that achieves Nash equilibrium by 

simultaneously updating each DGôs best individual 

strategy with respect to minimize the cost function. The 

algorithm is unrelated to the number of DGs, since they 

update their control strategy simultaneously and 

independently. The proposed decentralized charging 

control strategy drives the system asymptotically to a 

unique Nash equilibrium. 

 

The proposed algorithm is an application of the so-called 

Nash certainty equivalence principle. The control 

algorithm can achieve optimality of the micro-grid, i.e. it 

can make the DC bus voltage stable and load sharing. 

Nash equilibrium is the most important concept in game 

theory. In fact, Nash equilibrium is a kind of ñstalemateò 

in which no one is interested in changing [16]. 

 

Definition 1: A collection of control strategies 

{ };nd n N* Í  is Nash equilibrium if each individual DG 

can benefit nothing by changing its own strategy  

 

( ; ) ( ; )
n n nn n nJ d d J d d

- -

* * *¢                         (1) 

 

for all (0,1)nd Í , and all n NÍ . 

mailto:wweiy1296@163.com
mailto:leidong@bit.edu.cn
mailto:xfrongok@126.com


Mingxuan Wu et. al: Control Strategy with Game Theoreticé 

55 

 

where 
*
nd-  is the collection of control strategies of the 

whole DGs without DGn  [19].  

In other words, 
*
nd  is the solution of minimum cost 

function 

 
* * * * * *

1 1 1argmin ( , , , , , , ),

1,2, , .

n n n n n Nd J d d d d d

n N

- +Í

=
           (2) 

 

Therefore, 
*
nd  is the control strategy which can obtain the 

minimum value of cost function ( )n nJ d . 

 

If the two above-mentioned conditions are achieved by 

each DG, the micro-grid will achieve the state of Nash 

equilibrium, i.e. the DC micro-grid will keep voltage 

stable and load sharing. 

 

A. Virtual Rivals Strategy 

Assuming there are 1n+  DGs supply power for the 

micro-grid which means there are n  rivals for every DG. 

Estimation of supply power 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 means to take the other DGs as an 

equivalent virtual rival. This will simplify the estimation 

for every rival and it has advantages as follows: 1) 

Simplicity: Reducing the number of rivals from n  to 1 

simplifies the model and the complexity of calculation 

greatly, and 2) High estimating accuracy: Estimating 

supply power strategy for n  rivals, since the uncertainty 

is too much for every rival, so the estimating error is 

relatively large [5]. When estimating the equivalent rival, 

the randomness will be offset and the estimating accuracy 

is enhanced.  

 

By this way, the method simplifies the n-player-game 

problem to two-player-game problem that simplifies the 

complexity of problem greatly. Therefore, in the 

discussion of this paper, we only discuss the two-player-

game problem because it has the same result of n-player-

game problem. 

 

B. Proposed Optimal Controller 

The underlying decentralized DGs charging control is a 

non-cooperative dynamic game. Each DG shares other 

DGs with the information by DC line bus voltage. So we 

need formulate the decentralized DGs charging control 

problem as a dynamic games. 

 

We consider charging control of each DG of size M  with 

the charging time {0,1, , 1, , 1, , }t T T T= - + ¤ 

where T  denotes the ultimate charging steadily instant. 

The serial number of DG is denoted as 

{0,1, , , , }M n N= . With a control strategy of micro-

grid with game theoretic approach, we assume that DGs 

achieve Nash equivalence at time T . The objective is to 

implement a collection of DGs charging strategy that 

achieves dual objectives, 1) the DC line bus voltage 

achieves setting value of voltage, and 2) each DG achieve 

the state of current sharing. 

The objective of the control is to minimize the output 

voltage error. Hence, a definition of the cost function of 

each DG n  is given by 
1

2 2

1 2 3

0

1
2 2

1 2 3

0

( , ) ( ) ( )

( ) ( )

m t

n r m m r t

m

m t

t t r m m r t

m

J u i AP B k u k u k i D u u

Au i B k u k u k i D u u

= -

=

= -

=

= + - - + -

= + - - + -

ä

ä

  (3)                  

where  A , B , D ,
1

k , 
2

k and 
3

k are all non-negative 

constant, P  represents the output power of the each DG, 

u  and i  denote the output voltage and current of the each 

PC, ru is the voltage reference of the DC line bus. 

 

As is shown in (3), the output current, voltage and error of 

the system voltage output are included in the cost 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 
1

2

1 2 3

0

( )
m t

r m m

m

B k u k u k i
= -

=

- -ä determines the penalty for 

deviating from the setting value, and 
2

( )
r t

D u u-  denotes 

minimization of the output error that is one of the main 

targets of the system. It will be shown that the presence of 

the squared deviation term ensures convergence to a 

unique collection of locally optimal strategies which is 

Nash equilibrium [11]. The cost incurred in deviating from 

the voltage reference of the DC line bus. 

 

This paper proposes a control scenario which individual 

DG minimize its own operating cost function (3). In order 

to minimize its own operating cost, it is adopted by 

calculate method of the extreme value of binary function 

[10]. 

 

Therefore, we can demonstrate using the control law (4) 

and (5) can minimize its cost function (3). The control law 

can be simplified as: 
1

2

1 2 3

0

2
( ) 2 ( )

m t

r r m m r t

m

Bk
i k u k u k i D u u

A

= -

=

= - - + -ä      (4)                                                                                    

and  

1 2 3 .
r

i
k k k

u
= +                        (5)                                                                                                                              

 

According to the transformation in (4) and (5), through the 

voltage reference ru ,the previous voltage mu and current 

mi ( 0,1, , 1)m t= -and present voltage tu can calculate 

the reference current ri  which can be obtained, and then 

detect the output current i . Finally, PI adjust is adopted 

for a current closed loop to ensure a suitable power output. 

The local information such as output voltage u  and 

output current i  can be detected directly. It is obviously 

that only local information can minimize the cost function. 

Accordingly, using this method can achieve desired 

performance in voltage regulation and current sharing 
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among the DGs. Such a structure has notable advantages 

such as simplicity and reliability. And this method can 

satisfy the most important characteristics of the micro-grid, 

i.e. plug and play. DG can be considered as different 

agents. Assuming each agent is órationalô which means 

every agent always following the maximum of its own 

benefit function. Finally, the micro-grid system achieves 

the state of Nash equilibrium. 

 

III . SMALL -SIGNAL MODEL OF GAME THEORETIC 

STRATEGY 

 

A linear model is necessary for designing linear controls. 

An average model is sufficient for the bandwidth 

requirements of typical applications [17]. Accordingly, a 

simple average model for the buck converter is developed 

based on ideal transform concepts for switching. The DGôs 

converter shown in Fig. 3 can be replaced by an average 

model. 

 

+

-

L

R
C

1V
+

-

1x

2x y

c

p

a

Q

 

Fig. 3: The module of buck converter 

 

At time [0, ]t d T= , the switch Q  is turned on, 

( ) ( )

( ) ( )

a c

cp ap

i t i t

u t u t

=ë
ì

=í                            

(6) 

where d  is the duty cycle of the switch Q , ai  is the input 

current of terminal a , ci is the output current of terminal 

c . cpu  and apu  is the voltage between terminals a , p  

and c  respectively. 

 

At time [ ,1]t d T= , the switch Q  is turned off, 

( ) 0

( ) 0.

a

cp

i t

u t

=ë
ì

=í
                                (7) 

 

Ideal transformer averaging concepts can be directly 

applied to buck converter. A large signal average model 

can be formed with transformers by realizing (6) and (7) 

and similar average current equations, 

( ) ( )

( ) ( ) .

a c

cp ap

i t i t d

u t u t d

= ³ëî
ì

= ³îí                            

(8) 

 

The small signal model is formed from the large signal 

model by perturbing the large signal parameters about a 

particular operating point: 

Ĕ Ĕ Ĕ, ( ) , ( ) ,
cp cp cp ap ap ap

d D d u t V u u t V u= + = + = +

Ĕ Ĕ( ) , ( ) ,
a a a c c c
i t I i i t I i= + = +

 

where the set { , , , , }
ap cp a c

D V V I I  defines a particular 

operating point, and the set Ĕ ĔĔĔ Ĕ{ , , , , }
ap cp a c

d u u i i  defines 

perturbing. The nonlinear model for the converter 

operating in the continuous conduction mode is given by 

( )( )
( )( )

ĔĔ Ĕ

ĔĔ Ĕ .

a a c c

cp cp ap ap

I i I i D d

V u V u D d

+ = + ³ +

+ = + ³ +

ë
ì
í

          (9) 

 

The dynamic model given in (9) is nonlinear and cannot 

be directly employed to design a control system with the 

most commonly used techniques, which require a linear 

model. However, if the magnitudes of the perturbations 

are much smaller than their steady-state values, the 

nonlinear terms can be ignored without resulting in 

significant error, and a linear approximation of the system 

is obtained. Assuming dynamic components are much 

smaller than steady-state components,  

Ĕ Ĕ ĔĔ Ĕ
1, 1, 1, 1, 1.

ap cp a c

ap cp a c

u u i id

D V V I I
<< << << << <<    (10) 

 

So the infinitesimal of higher order ĔĔ
c
i d³  and ĔĔ

ap
u d³  

can be neglected. Hence, (10) can be divided into steady-

state component and perturbing component respectively. 

 

Steady-state components 

.

a c

cp ap

I I D

V V D

= ³

= ³

ë
ì
í                             

(11) 

 

Perturbing component 

ĔĔ

ĔĔ Ĕ .

a c c

cp ap ap

i i D I d

u u D V d

= ³ + ³

= ³ + ³

ëî
ì
îí

                  

(12) 

 

Thus, a small-signal reduced-order linear model for the 

buck converter can be defined as Fig. 4. 
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Fig. 4: The small-signal equivalent circuit model of buck 

converter 

 
Table 1: Parameters of the small-signal equivalent circuit 

model. 

Parameters Values Unit 

Output inductor 10e-2 H 

Resistance of load 20 W 
Output storage capacitor 300e-6 F 

Load 20 W 
Switching frequency of 

the converter 

2 kHz  
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The parameters of the small-signal model are given in 

Table 1, the transfer functions (13) and (14) can be easily 

obtained applying the Laplace transform in (12) assuming 

zero initial conditions 

2

1
/ /

Ĕ( )
( )

Ĕ 1 / 1( ) / /

o in
vd

R
v s UcsG s

s LC sL Rd s R Ls
cs

= = =
+ +

+

    (13) 

0

2

0

Ĕ ĔĔ( )( ) ( )
( )

Ĕ Ĕ Ĕ( ) ( ) ( )

11
( ) .

1 / 1
/ /

Ĕ( )
( )
Ĕ( )

oL L

id

o

in

vd

L

vd

v si s i s
G s

d s d s v s

sCR U
G s

s LC sL R R
R

Cs

i s
G s

u s
= =

+
= ³

+ +

=

=
       (14) 

Therefore, the open loop small-signal model without game 

theoretic control is obtained, and the bode plot of ( )
vd

G s  

is shown as Fig. 5, 
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Fig. 5: The bode plot of ( )
vd

G s  

 

As is shown in the Fig.5, phase margin is only about 10, 

the system is in a critical steady state. When the proposed 

game theoretic control is adopted, the close loop structure 

is illustrated in Fig.6.  
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Fig. 6: The closed loop structure of circuit with game theoretic 

control 

 

The equations of control are 

'

_ 1 _ 2 3 _

1
Ĕ ĔĔ Ĕ Ĕ Ĕ( )+ ( )
o ref o ref o o o ref o
i K k v k v k i K v v

s
= ³ - - -   (15) 

_

1Ĕ Ĕ Ĕ( )( ).
o ref o P I

d i i K K
s

= - +                   (16) 

 

Combine the (15) with (16) 

 

'

1 _ 2 3 _

' '

1 _ 2 3

' '

1 _ 1 1 2

1 1Ĕ Ĕ ĔĔ Ĕ Ĕ Ĕ( )+K ( ) ] ( )

1 1 1 1
ĔĔ Ĕ[( ) ( ) ( 1) ] ( )

ĔĔ Ĕ[( ( ) ) ( ( ) ) ( ( ) 1) ] ( )

o ref o o o ref o o P I

o ref o o P I

o ref o o

d K K v K v K i v v i K K
s s

KK K v KK K v KK i K K
s s s s

KG s K v KG s K v KG s i G s

= ³ - - - - ³ +

= + - + - + ³ +

= + - + - + ³  

 (17) 

 

where 
1

1
( )G s K

s
= ̆

2

1
( )

P I
G s K K

s
= + ̆ 2

2BK
K

A
=

.

 

 

Assuming the input voltage 20
in

U V= , the parameters are 

given as fallows, 0.01K = ,
'

0.5K = , 0.5
P

K = , 1
I

K = , 

1
1K = , 

2
0.8K = , 

3
0.2K = . The open loop gain of 

current can be given by  

 
2 2 2

_ 2 5 3 2 2

6 10 10.12 20
( ) .

6 10 10 20
k i id

s s
T s G G

s s s

-

- -

³ + +
= =

³ + +
      (18) 

 

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 Fig. 7, phase margin is about 110, the 

design of current loop is in a steady state. Therefore, the 

close loop structure with game theoretic control in Fig. 6 

can be simplified as Fig. 8. 
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Fig. 8: The simplify close loop structure of circuit with game 

theoretic control 

 

As is shown in the Fig. 8, the overall open-loop transfer 

function is obtained by  

'
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Through the overall open-loop transfer function, the bode 

plot can be obtained as 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 about 80, 

the system is in a steady state. 

 

Through the small-signal 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, a 

system composed of two DGs with a resistive load and a 

storage device is used for simulate the micro-grid system. 

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

circuit of controller. One DG is consisted of photovoltaic 

generator and its controller, and the other DG is consisted 

of wind turbine and its controller. The simulation structure 

of simplified system of micro-grid is shown as Fig.10, and 

the parameters of the model are as follows: the output 

inductor is 10e-2 H, the resistance of load is 20W, the 

switching frequency adopt 2 kHz. 
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Fig. 10: Simulation structure of simplified system of micro-grid 

 

A. Simulation Experiment 

According to the design parameters above and the 

reference value of the DC line bus voltage is 20V. The 

results obtained from simulations in MATLAB are 

represented in Fig. 11, Fig. 12 and Fig. 13which show the 

state of micro-grid with different control methods. The 

current of each DG is shown in the upper picture, and 

voltage of DC line bus is shown in the lower picture. At 

the upper picture, the two curves indicate the current of 

photovoltaic generator and wind generator circuit 

respectively. 

 

When two DGs are adopted open loop control, the results 

of current share mainly depend on the symmetry of 

module parameters. As is shown in the Fig. 11, it is clear 

that the voltage is maintained in 20V and the performance 

of the current sharing is bad. Although using the open loop 

control can meet the voltage regulation, the performance 

of the current sharing is not ideal. 

 

When the micro-grid system adopt the droop control 

strategy, as is shown in Fig. 12, it is clear that the output 

current of each circuit is almost the same, and the error of 

current is less than 5%. However, the voltage of DC bus is 

only maintained about 17V which causes a drop in voltage 

regulation. Although using the traditional droop strategy 

can meet the request of output current sharing, the 

regulation of DC line bus voltage is not ideal. 

 

Compared with the traditional droop control strategy and 

directly parallel strategy, the game controller has a good 

performance on voltage regulation and current sharing. As 

is shown in the Fig. 13, it is clear that the output current of 

each circuit is almost the same and the voltage is 

maintained in 20V. In addition, the regulation time of 

game system is as long as the traditional controllers which 

adopt the droop strategy. In conclusion, the game theoretic 

method is possible to control each system rapidly and 

independently. 

Fig.11: State of micro-grid system with the open loop control 

strategy 

Fig.12: State of micro-grid system by droop control method 

Fig.13: State of micro-grid system by game theoretic strategy 

method 


