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Abstract

With the development of smart grid, flexible and interactive electricity market will finally emerge. Making full use of
price can encourage consumers to use electricity during a low load period and reduce peak load, thus to guarantee
electricity market stability. Impulse control is applied to price system in this paper. It is found that giving impulse control
to price system can make the system reach stable state well, which is based on the theory of impulsive differential
system. The sufficient condition for stable system and the max upper bound of impulse interval are also provided. The
proposed method is proved to be feasible and effective by theoretically analysis and numerical simulation.
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1. Introduction

Smart grid is the development direction of modern grid [1].
Flexible and interactive electricity market will finally
emerge. Electricity price has important meanings for healthy
and robust market as the main carrier of information
transmission and value distribution between the power
company and consumers [2]. While price adjusting
mechanism can make sure the market stable under some
circumstance, it can’t solve all problems. To guarantee
healthy electricity market, we need government power to
make full use of the price function for adjusting power
supply and demand to be balanced.

In electricity price system, if there’s a shortage of power
supply, government can increase investment in grid
construction to meet demand as possible, and this can be
called an impulse phenomenon. Impulse phenomena are
common in our lives. System state value would change a lot
during an extremely short period when impulse phenomenon
occurred. Common differential equations can’t describe it,
while it is available for impulsive differential equations.
Nowadays, impulse control has been applied to space
technology, life science, communication, information
science, control system, biology and medicine. Impulsive
differential equations and time-delay impulsive differential
equations are used to build corresponding dynamics models
to solve some problems in bio-economics [3]. Studied
uncertain impulsive system robustness is researched and the
application of chaotic synchronization is discussed in secret
communication [4]. To solve integrated pest management
problems, population ecology model with impulse is built
based on impulsive differential equations theory [5]. Single
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population dynamics model is discussed with pulse birth and
pulse returns [6]. Principle of comparison in impulsive
differential equations is used to obtain the max interval of an
advertisement [7]. Ordinary differential equations, time-
delay equations, integral differential equations and impulsive
differential equations are wused to describe disease
development and cure model after HIV infection [8].

In this paper, impulse control is applied to smart grid
price system based on the analysis of impulsive differential
equations applications. Taking reasonable control measures
can guarantee electricity market to be stable during a long
period and avoid power shortage or power surplus.

2. Stability Principle of Impulsive Differential Equations

Definition 1 [9] Impulse control system is described as:

pa

dx

== f(,x),t =t

AU A
IAx=1,(x),t=t, )
x(ty) =x,,t,z0,kEC .

Assumed:
HDO<t, <t, <L <t, <L , whenk =0 f, —00;

(H2) f:° , x°" —° "is continuous on (¢,_,,¢, ]x° ",

foreachx€° ", kE¢ , » there exists
lim+ f(tay) = f(tljax)'
(t,y)—=(t; »x)
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Definition 2 Assumed J" :°  x° if:

+

(1) V' is continuous on (¢, _;, ¢, ]x° ", and for each

k1>
XE° " kEC _ , there exists

lim V(,y)=V(,x).

(t.9)=(t %)

(2) V satisfies Lipschitzian conditions about X .
Then V EV,.

Definition 3 Assumed " €V, for each
(t,x)E(,_,t, ]x° ", thereis:

D'V (t,x) = lim sup%[V(t +hox 4B (60) =V (1)

Lemma 1 if:

) VECE ,xS(p),° ), VEV,,
D+V(Z,X) = g(ta V(I,X))(t = tk) >

whereg€C(° , x° ,°).g(£,0)=0,
and g satisfies condition (H2);

(2) there exists 0, > 0, when X ES(0,), for each k,

x+1,(x)ES(p).and

Vit,x+I,(x)) sy, V(t,x)(t =t,xES(p,)).
where ), :° .

function;

—° , is a monotone non-decreasing

3) b(|x|) <V(tx)=< a(|x|) . (tx)Ee®  xS(p) .
wherea,bEK,

Then the impulsive differential system:

(du
= o(tu)t=t,,
i g(t,u) k

Jut)) =y, (u(,)), 3)

u(ty)=u,=0

Its stability is in accordance with system (1).

Lemma 2 Assumed

gt =“Dugece o))
Y, () =d,u(d, =0),based on Lemma 1, if
M =0 , and for each k ,

dt

58

Mt)+Ind, < A1) @)

Then the solution X = 0 of system (1) is stable.

3. Mathematics Model of Electricity Price System

Power supply is described as S (t ) with power demand
described as D(t ) When power supply and power demand

is balanced, the price is called equilibrium price ]_7(2‘) [10].
Assumed that:

O (t ) and D(t ) both are functions of real-time price
p().
(2) ideal state is S(¢) = D(¢).

Real-time price is variable. Assumed change rate ﬂ(l‘)

is ratio to the difference of reserve capacity Q(Z) and

standard reserve capacity O , that is

Bi)=6(0-0),6>0 5)

Where
0= 0,+[,(S®)-D(xNdx  ©
S(t)=S,+mp(t),S,>0,m>0 (7

Power supply is nonlinear to price, so when price can be
afforded, demand would stimulate price to increase, and
price is positively correlated with demand. When price can’t
be afforded, demand would decrease as price increases, and
these two are in negative correlation. So:

D(t)=D, -np(t)+(ap+ p)st),D, >0,n>0,a >0
®

Substitute (3), (4) and (6) to (5) and derivate ? :
F=0(ap+ p)g-6(m+n)p-06(0,-L,) ©

Turn equation (9) into first-order equations and assumed

p(1) = x(1), = y(1):

&=y 10
{ﬁ=a(ax+ﬂ>y—é<m+n>x—é<go—Lo) "

When D 0> SO, system (10) has the only balance point

D, - D -
L5 o) sz =275
m+n m+n

Assumed X, (l‘) = x(t) -X, xz(t) = y(l‘) -0, and
substituted into system (10):
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{&(t)=xz(t) (0

(1) = 6(ax, + f)x, - 6(m+n)x,

Where /J’ "=ax + /J) . Thus, balance point stability

analysis of system (10) is turned into zero solution stability
analysis of system (11).

4. Impulse Control In Electricity Price System

According to [11]: when /))/ =0, electricity price is far
away from equilibrium price, and electricity market is
unstable. Thus we put into government control as impulse
control at discrete time, making balance point become stable
to guarantee healthy market. For easy study, we divided
system (11) into linear part and nonlinear part, that is

&= Ax + g(x) (12)

Where

- P 1 ) 0
* =) _(—(5(m+n) 0)’g(x)'(é<axl+ﬂ’)xz)

B 0
Assumed control impulse /, = Bx, B = .
B,
Thus, we got the impulse control system:
&= Ax+ g(x),t =t,
(13)
Ax=Bx,t=t,

The aim of impulse control is to seek for control
parameters to make system (13) stable.

5. Stability Analysis

Theorem 1 Assumed Emax is the max-eigenvalue of
matrix A+ A7, d, =max{(1+ B,",(1+ B, },
E=& +20(aM + ), where

Mx = max {xl , xz}. If the following condition is

satisfied:
0=<&(,, -t)=-Ind, (14)
Then system (13) is stable.
Prove: structure a Lyapunov function,
V=x"x (15)

Whent =1,

DV(t,x)=x" (A" + Ax+g" (x)x+x"g(x) (16)
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Where,
X' (A" + Ax<E_ V(t,x)
g ()x+x"g(x)=28(ax, + B)x;
(0 0 (0 O
=2|x()x X+Xx | X
[ (0 (50{) (0 p ) }
<28(aM_ + BV (t,x)
So,
D'V (t,x) =&V (t,x) an

Assumed g(t,u) = §u , so condition (1) of Lemma 1 is
satisfied.

Vp>0,xES(p):
ern<lz+Blld<ld o

So, x + BxES(p).

Whent =1, :

V(t,x+Bx)=x"(E+B) (E+B)x=dJV (19

Assumedy, (u) = dku, so condition (2) of Lemma 1 is

satisfied.

2
For V =x'x= ”x” , there must exist a,hEK to

make the following in-equations:

b(||x||) <V(t,x)= a(”x”) (20)

So condition (3) of Lemma 1 is satisfied.
According to Lemma 1, stability of system (13) is in

accordance with the following system:

(du
= o(tu)t=t,,
i g(t,u) k

Jut)) =y, (), @1
u(ty)=u,=0
When 0 < S(l‘k+1 —l‘k) < —lndk:
&t +Ind, <&t (22)

As g(t,u) = &u, we assumed A(t) = &t , then
At +Ind, < At)) is satisfied.
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According to Lemma 2, system (13) is stable.

6. Numerical Simulation
We simulated the ideal electricity price system (10) with

data of N.Y.C in July, 2012 from NYISO.
The parameters are set as following:

0=08, m=20MWH*/$ , n=20MWH*/$ ,

a=08 , p=-12 ., §,=8230MWH
D, =9658MWH ,M_ =8.

Thus:

5= L,-0, _ 9658 - 8230 _35.7%/ MWH

m+n 20+ 20

When there is no impulse control put into system (10),
the system is unstable. After impulse control put into system
(10), the system figure is as Fig.l shows. Assumed initial

value x(0) = (0.75,1.25)"
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Fig.1 Price System Without Impulse Control
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095 0
0 -096)
thend, =max{(1+B,)%,(1+ B,)* } = 0.0025.

Set B =

As Fig.2 shows, the system becomes stable.
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Fig.2 Price System With Impulse Control

From the above MATLAB simulation, we can see that
when there is no impulse control put into the ideal electricity
price system (10), price and change rate both have rectilinear
oscillations. But after the government makes some adjusting
measures, the system becomes stable and the market
becomes balanced.

7. Conclusion

Price adjustment mechanism exists objectively in electricity
market and it works under certain conditions. But this kind
of mechanism is limited. To guarantee the healthy
development of electricity market, we need government to
help control the market. When power supply is in short or in
surplus, government can use economic means to adjust
electricity price, even some administrative means are
allowed at some serious period. In this paper, we used
comparison principle of impulsive differential equations to
study impulse control of electricity price system. Making
balance point stable with impulse control, we provided
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sufficient condition for controlling price model stable and
the upper bound estimation of impulse control interval. The
method is proved to be effective by simulating system in

continuously. Theory basis is also provided for decision-
making organization, and it can help them to take effective
measures to make sure electricity market reach a stable state

Matlab and the results are good. Therefore, this method can fast.
guide the future smart grid developing stably, healthily and
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