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Energy Storage Systems for Tie-line Smoothing
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Abstract—Increasing renewable energy penetration into inte-
grated community energy systems (ICESs) requires more efficient
methods to prevent power fluctuations of the tie-line (connection
of the ICESs to the main grid). In this paper, centrally-controlled
air conditioners are considered as a virtual energy storage system
(VESS). The optimal thermostat regulation is used to manage the
charging/discharging power of the VESS within the customer
comfort level range and the virtual state of charge (VSOC) is
used to describe the charging/discharging power of the VESS.
On this basis, the model of the hybrid energy storage system is
built with a VESS and a battery storage system (BSS). Then,
an optimal coordination control strategy (OCCS) for a hybrid
energy storage system is developed considering the state-space
equation to describe the OCCS, the constraints of the OCCS, and
the objective function to express the optimal coordination control
performance. Finally, the influence of the outdoor temperature
and the deadband of air conditioners on the results of the OCCS
is analyzed. Results show that the OCCS can realize optimal
allocation of the storage response amount to trace the reference
target accurately and guarantee both the state of charge (SOC)
of the batteries in a reasonable range to prolong the battery life
and ensure the level of comfort experienced by users.

Index Terms—Battery storage system, optimal coordination
control, power fluctuation, renewable energy, virtual energy
storage system.

I. INTRODUCTION

HE Penetration of renewable energy into integrated com-

munity energy systems (ICESs) is on the rise, which leads
to power fluctuations and influences the stability and quality of
the electricity [1]-[4]. The controllable and schedulable load
in ICESs contains various types of thermostatically controlled
appliances such as air conditioners, water heaters, and refrig-
erators. Thermostatically controlled appliances have excellent
thermal storage characteristics and can be considered a virtual
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energy storage system (VESS). They can participate in the
energy management of ICESs and be dispatched according
to the demand response control strategy. Coordination with
typical energy storage systems such as a battery storage
system (BSS) can be used to prevent fluctuations induced by
renewable energy sources [S]-[7].

Demand response technology can guide users to change
their electrical consumption habits. Price signals and incentive
policies can change electrical consumption habits of users
such that the electrical load over a certain period of time
can be transferred or decreased, and an optimal electrical
consumption mode can be developed [8], [9]. Demand re-
sponse technology is used to change the load from residential
users or small businesses, typically for the thermal storage
capacity of thermostatically controlled appliances such as air
conditioners and water heaters [10]-[13]. In addition, it can be
extended for central air conditioning systems and appliances in
commercial buildings. Through demand response technology,
air conditioners can be considered the VESS to participate in
energy management to prevent power fluctuations of the tie—
line in ICESs and simultaneously guarantee the comfort level
of users.

The control strategy to prevent renewable energy
fluctuations not only influences the designed amount of
batteries and heating/cooling supply appliances in ICESs but
also has a great effect on the penetration of renewable energy.
Some relevant studies on this subject have been done. An
optimal control method of the BSS was proposed in [14]
and a tie-line smoothing method that controls the residential
heating/cooling supply appliances was proposed in [15].
However, these two methods prevent renewable energy
fluctuations only by controlling a single source. In order
to comprehensively utilize the source of batteries and the
heating/cooling supply appliances in ICESs, a filter algorithm
of batteries and the controllable heating/cooling supply
appliances was proposed in [16], which can decompose the
power fluctuation into high-frequency and low-frequency
components and assign them to the heating/cooling supply
appliances and batteries, respectively. However, this method
can be affected by experience in selecting the filter time
constant. Reference [17] proposed a filter algorithm with
a variable filter time constant. Reference [18] proposed a
battery controlling method based on the state of charge and a
variable filter time constant. However, these two methods are

2096-0042 © 2017 CSEE



WANG et al.: OPTIMAL COORDINATION CONTROL STRATEGY OF HYBRID ENERGY STORAGE SYSTEMS FOR TIE-LINE SMOOTHING SERVICES IN INTEGRATED COMMUNITY ENERGY SYSTEMS 409

affected by limitations of the filtering algorithm and cannot
guarantee the optimal result.

Therefore, an optimal coordination control strategy of hy-
brid energy storage systems is proposed in this paper, which
encompasses the following main contributions:

1) The control strategy takes into account the virtual state of
charge (VSOC) that reflects the charge/discharge capabilities
of air conditioners as the VESS.

2) The air conditioners considered as the VESS and the BSS
are controlled in coordination to prevent power fluctuations
of the tie-line in ICESs. Then, an optimal control strategy
(OCCS) of hybrid energy storage systems is built.

3) Comparing the control based on the filter algorithm,
the proposed optimal coordination control strategy is not
affected by human experiences and can accurately follow the
smoothing target with continuous constraints of the BSS and
the VESS to guarantee the state of charge (SOC) of batteries
and the comfort level of users with air conditioners.

4) The influence of the outdoor temperature and the dead-
band of air conditioners on the results of optimal coordination
control strategy are discussed.

This paper is organized as follows: the model of hybrid
energy storage systems is presented in Section II, the model
of the OCCS is presented in Section III. Results are discussed
in Section IV and conclusions are summarized in Section V.

II. MODELING METHODOLOGIES OF HYBRID ENERGY
STORAGE SYSTEMS

Fig. 1 shows the proposed ICES, which contains renewable
energy devices, a BSS, a residential controllable load of
air conditioners considered as the VESS, and a residential
uncontrollable load. The BSS and the VESS can be flexibly
dispatched to satisfy different needs in the ICES. As shown
in Fig. 1, measurements from renewable energy sources, the
BSS, and the VESS and the uncontrolled loads are sent to
a utility management center of the ICES through a two-way

of the management center, the control target signal and the
optimal allocation signal for the BSS and the VESS are
determined by the optimal control strategy center. By using
optimal thermostat regulation (OTR) [12], a centralized load
controller located in the optimal control strategy center is used
to control the VESS.

With the increasing penetration of renewable energy in
the ICES, the power fluctuations of the tie-line need to be
restrained. The proposed OCCS consisting of the BSS and the
VESS can realize optimal allocation for these energy storage
systems to provide the tie-line smoothing services. The power
balance formulation as a function of time ¢ is given by:

Pry(t) + Pre(t) + Per(t) = Pup(t) + Pni(t) (1)

where Prp,(t) is the tie-line power of the ICES, Prg(t)
represents the output of renewable energy, Pgr(t) represents
the charge/discharge of the BSS, and Pyp(t) and Py, (t)
respectively represent the consumption of the residential con-
trollable load and the uncontrollable load.

A. Battery Storage Model

In this paper, the kinetic battery model (KiBaM) in [19] is
used to describe the battery operation.

The target power Pjr is determined by the proposed
optimal control strategy and the desired discharge current Iy
is calculated as:

Id = P§T/(Ns‘/rated) (2)

where Ny stands for the number of batteries in the series, and
Viated 1S the rated voltage of each battery.

Suppose that g represents the total current charge, g; denotes
the amount of charge available, and g1, and go respectively
represent ¢, q at the start-up phase in the current time step.
Assuming that ¢; = 0 at the end of the time step, the maximum
possible discharge current I max 1S given by:

kg1 0e *At 4 goke(1 — e~FAY)
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Fig. 1.

Configuration of the proposed ICES with a hybrid energy storage system.
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where k stands for the ratio constant of the KiBaM, and ¢
denotes the capacity ratio of the KiBaM. If Iy > Iq max, then
IgT = Id,max~ Otherwise, IgT = I4.

Like discharging, the desired charging current is given by:

Ic = PgT/(Ns‘/rated)- (4)
Assuming q; = cqmax, the maximum possible charge current
I max 18 determined by the following relationship:
—kCGmax + kg1 0e FAt + qoke(1 — eFAY)
1 — e kAt 4 c(kAL — 1 + e~kAY)

Ic,max =
4)

If I; > I. max, then IpT = I max; Otherwise, It = I.
In addition, the SOC of the battery banks is described by:

SOC = q/qmax
SOChin < SOC < SOChax

where ¢ma.x describes the maximum capacity of the battery
banks, and SOC,.x and SOCy,;, respectively represent the
maximum and minimum SOC' of the battery banks.

(6)

B. Air Conditioner Model

As thermostatically controlled appliances have good con-
trollability, they have become the focus of research in the field
of demand response. In this paper, an equal thermal parameter
(ETP) model was adapted to describe the thermodynamic
behavior of air conditioners [20] as follows:

r 1 N 1 1
A= Rm Cal Raca Rm Ca
L RyCh " RunCom
i 1 i Ta, TO
B=|R.Cy. Ci|, T= , C= (7)
0 0 T K
T = AT+BC (8)

where C, is the air heat capacity, Cy, is the mass heat
capacity, R, is the air thermal resistant, R, is the mass
thermal resistant, 7, is the outside temperature, T, and T},
respectively are the inside air and mass temperatures, and K
is the electric operation rate.

Equations (7) and (8) can be discretized as a sequence of
time steps k separated by time intervals ¢ as:

TF = %1 + At(AT*! + BCF 1), 9)

Since the parameters C,, Cy,, R,, R, change with the
customers, a normal distribution function N(a,o) is used
to model the load diversity of air conditioner units. The
superscripts k and k — 1 of all variables indicate the values at
stepsk and k — 1, respectively.

According to (7)—(9), the temperature and power consump-
tion have a one-to-one relationship. Using the index ¢ to denote
the i*? air conditioner, the relationship can be described as
follows:

Qf _ sz . Qop _ sz . Prlated
nac

1 Ti<Th, =TF —

(10)

NS N

where Qo is the heat rate, ZF denotes an off/on state of the air
conditioner (Z¥ = 0 or 1 for “off” or “on” states, respectively),
T;;l is the current inside temperature, P]fated is the rated
power, § is the temperature range (deadband), and TS’fi, T .,
Tf’i respectively represent the temperature set-point and uppér
and lower temperature limits. Note that (9) actually gives the
basic control logic of an air conditioner, i.e., it describes the
way the operating status changes.

The operating characteristics of a single air conditioner are
shown in Fig. 2, where 7, and 7., indicate the time periods
when the device is turned on and off, respectively.

Temperature

T. grp

Time

Fig. 2. Operating characteristics of an individual air conditioner.

C. Optimal Thermostat Regulation (OTR) for Aggregated Air
Conditioners

As discussed in [13], while considering a large number of
air conditioners, a robust control strategy can be applied to
regulate the load demand profile by a common perturbation
u to the temperature set-point under a centralized control
strategy.

For a large number of air conditioners, there is a one-
to-one relationship between the temperature and the power
consumption, as shown in the discrete histogram displayed in
Fig. 3 where the horizontal axis is the temperature and the
vertical axis is the power.
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Fig. 3. Discrete temperature-power distribution for uncontrolled mode (a)

and controlled mode (b).

To describe the power consumption of a group of air condi-
tioners that have the same temperature state, two temperature-
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power factors, ¢’f for “on” states and ¢’5 for “off” states,
are defined to describe the amount of power at a given air
temperature 7 as follows:

Z ratedznT T)

Z rated )n(TzvaX) (1 1)

1, (TF<TF,+TF)

Zf =490, (TF<TE,+TF) 12)
zZk1
otherwise,
la j‘;k = Tx
n(Tf,Ty) = ( : (13)
0, (Tf #Ty)

where N is the number of participating air conditioners in
the VESS and n(TF,Ty) indicates that only devices with
temperatures equal to 7% play a role in (11).

The total power consumption of the air conditioner popula-
tion Pfp at step k can be described as:

TE4T TE4+TE
Pip(TH) = > @b(ToAd+ D ol (T)A  (14)
Ty=—00 Ty=—00

where A6 is the increment of the temperature in the discrete
integration represented by (14).

If the target power is known for the next step, the optimal
temperature set-point change 7}, can be obtained by solving
the following constrained convex programming problem:

[Pf — Piip(T}))?
St. Tiin <TE +TF <TF 4 TF < T

min F' =
(15)

where Tiax and Ty, are the acceptable temperature limits
for customers. A method to solve this optimization problem
can be found in [21]. In this centralized control strategy, all
the air conditioners involved in the calculation are subjected
to the same perturbation u.

The air conditioners controlled by OTR can be considered
as the VESS. Increasing the number of air conditioners that are
turned on is equivalent to charging the VESS and increasing
the number of air conditioners that are turned off is equivalent
to discharging the VESS.

D. Virtual State of Charge of the VESS

In order to evaluate the charging and discharging ability of
the VESS, a VSOC concept was proposed in [16] based on the
indoor room temperature of a group of air conditioners. In this
paper, the following expression based on power is proposed
to calculate the VSOC:

E ratcd

=1
vsoc_F

El ratcd

(16)

where N; represents the number of air conditioners that
are turned on and Nyp represents the total number of air
conditioners. Considering the comfort requirements of users,
the VSOC should be constrained to a specific range that is
usually smaller than the entire allowed range from O to 1.

III. MODELING METHODOLOGIES OF OPTIMAL
COORDINATION CONTROL OF HYBRID ENERGY STORAGE
SYSTEMS

A. Refrain Target of the OCCS

The tie-line target power P%L(t) can be calculated using a
day-ahead prediction without considering the influence of the
BSS and the VESS as follows:

Piy,(t) = Pip(t) + Py (1) — Prp(t)

where Piip(t), Piy (t), Phg(t) represent power prediction val-
ues of the controllable load without control, the uncontrollable
load, and renewable energy, as shown in Fig. 4. The average of
PL; (t) every 60 min gives the tie-line power reference value
Pist(t) shown in Fig. 4(d).
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Fig. 4. (a) Power of renewable energy sources. (b) Power consumption of the

unresponsive load. (c) Power consumption of the uncontrolled air conditioners.
(d) Prediction and reference power of the tie line.

Therefore, the refrain target y,¢f,; of the OCCS as a function
of time t can be calculated as:

Yret (£) = PiT(t) + Pre(t) — Paw(t)

where Prg(t) is the renewable energy output, Pnp(t) is
the consumption of the uncontrollable load, and the actual
consumption of the uncontrollable load is assumed to be equal
to its prediction value, i.e., Pny,(t) = P{IL (t).

B. State Space Equation of the OCCS

The charge of the battery ¢(¢) and the consumption power of
the air conditioner group Pyp(t) are defined as state variables

(18)
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x1(t) and zo(t), respectively. In addition, the charging current
of the battery Ipr(t) and the variation ratio of the consumption
power of the air conditioner group Pyp(t) are defined as
control variables wj(t) andus(t), respectively. The output
variable y(t) is given by:

y = Fip(t) — Par(t) (19)
where Pjr(t) and Pjjp(t) are the target powers of the BSS
and the VESS, respectively.

Based on [17], the relationship between the charge of the
battery and the charging current is given by:

q(t) — q(t — At) _xl(t) —x1(t — At)

IBT(t) = — = :ul(t)
At At

(20)

which can also be expressed as ¢(t) = —Ip7(t) or @1(t) =

—Uu (t)

The charging power is given by:
t— At) —q(t)) * NsViate
PBT(t) = (q( ) Z(t)) 5 ! d:IBT(t)NSV;ath

21

which can also be expressed as Ppr(t) = NsViateatt1(t).
The variation ratio of the consumption power of the air

conditioner group Pyp(t) is given by:

_ Pup(t)—Pup(t—At)  za(t) —z2(t—At)

= =u(t)
At At 22)

Pup(t)

which can also be expressed as &2(t) = ua(t).
Based on its standard form, the state space equation in this
paper is given by:

x—[g 8]x+[_01 ﬂu 23)
y=[0 1]x+ [~NsViarea 0] u (24)
where
x=[0(t) 0] =[i) Pun)]
D ) o3

u=

uy (1)
y =y(t)
C. Constraints of the OCCS

1) Constraints of the BSS

The constraints of the BSS are reflected in its SOC and
its charging current Igr(t), which can take values in the
following ranges:

SOChin < SOC < SOCax (26)
_Ic7max < IBT(t) < Id,max (27)

where I ax and Ig max respectively represent the maximum
charging and discharging currents, and SOC,,;, and SOCax
respectively represent the minimum and maximum values of
the SOC.

The constraints described by optimal control variables are
given by:

SOCminqumax S 1 (t) S SOCmaxNSQmax
_ICA,max S U1 (t) S Id,max'

X = [331(
[un(t) ualt)

T T
= [att) Pur(t)
{IBT(t) Pyp (t)] '

—
)

(28)

2) Constraints of the VESS
The constraints of the VESS are reflected in the consump-
tion power of the air conditioner group and its variation ratio
given by:
VSOChin < VSOC < VSOCax
Paown < Pup(t) < Pyp

(29)
(30)

where P, and Py,wn respectively are the maximum and
minimum variation ratios of the consumption power of the air
conditioner group, and VSOC,,;,, and VSOC,, .« represent the
minimum and maximum values of the VSOC, respectively.

The constraints described by the optimal control variables
are given by:

VSOCminNHPPrated S ) (t) S VSOCmaxNHPPrated (31)
Pdown S u2(t) S Pup (32)

D. Object Function of the OCCS

The target of the OCCS is to make the actual power of the
tie line equal to its reference value and the object function is
given by:

J = min / | (s (1) — (1))t (33)
— min /0 [(PISE(E) + Pre(t) — Pa(8)—  (34)
(Pip(t) — P§T(t))]2 dt (35)

The optimal control problem for OCCS can be defined as
finding an admissible control expression such as:

w' = i) w®] = [T Php®)] s e lto,ty]
(36)
which satisfies the physical constraints in such a manner that
the cost functional J(u*) has a minimum value.
In order to describe the error of the tie-line power, the root
mean square error (RMSE) is introduced as:

1 & 2
RMSE = |~ (Pﬁf,t —PTL,t)
t=1

(37)

where Pﬁit is the reference power of the tie line at timet,
Pry, + is the actual power of the tie line at time ¢, and n is the
number of simulation steps.

E. Flow Chat of the OCCS

The proposed optimal control model is the linear least
squares model (LLSM) and can therefore be solved by the
general commercial optimization software based on the gradi-
ent descent method. The simulation steps of the OCCS are as
follows:

Step 1: Using (17), calculate the day-ahead prediction of
the tie-line power;

Step 2: Obtain the real-time output of renewable energy at
time ¢ to calculate the refrain target of the OCCS using (18);

Step 3: Allocatey,.raccording to (23) and the constraints of
the OCCS in (25)—(32), and obtain the controlling target of
the OCCS;
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Part I
Calculate the reference power based on the
day-ahead prediction value

Continuous state constraints of
optimal coordination control

Part IT

Part I11
Optimal power allocation of the
BSS and the VESS

J=min{o(y, (0)-y(0))dt
:min.f(r)[(f’ rTeLf(t)tP Re(D)-
Py (0)~-(Piip(1)-Ppr(1)]2dlt

Optimal Coordination Control
Strategy of Hybrid Energy Storage
Systems

Fig. 5. Flow-chart of the OCCS.

Step 4: Calculate the actual response of the OCCS using
(2)—(15);

Step 5: Repeat Step 2 and calculate the optimal control
result for the next step until the end of the day.

IV. SIMULATION AND VALIDATION
A. Base Case of the OCCS

In this section, we discuss a case where a total of 1000 air
conditioners were set up using the thermal dynamic parameters
described in Table I. There were 100 battery banks installed
in the ICES and their parameters are listed in Table II. The
average outdoor temperature was 5°C and the deadband of
the air conditioners was 4°C. The penetration of renewable
energy was 10%. The simulation time was 1 day, and the
time step was 1 min. The simulation tool MATLAB and the
optimal control toolbox TOMLAB were used to realize the
algorithm [22].

TABLE I
PARAMETERS OF AIR CONDITIONERS

Value

1,000

R =0.120 8°C/W
C =3599.3]/°C

Parameter Symbol

Number of air conditioners Ngp

Thermodynamic parameters R = 0.120 8°C/W
C =3599.3]/°C

Q = 400W Q = 400W
Temperature set-point Tset 21 °C
Temperature deadband é 4°C
Rated power Prated 6 kW
TABLE I

PARAMETERS OF BATTERY BANKS

Parameter Symbol Value
Series number Ng 80

Rated terminal voltage Viated 6V
Maximum capacity gmax 97.41 Ah
Capacity ratio of KBM c 0.35
Ratio constant of KBM K 0.53 hr/s
Time step, At 1 min

From the simulation results in Fig. 6, we can observe the
following:

[}

X=Ax+Bu
y=Cx+Du
s.t. g(x,u)>0

1) As shown in Fig. 6(a), the actual tie-line power can follow
its reference power well through the OCCS. However, certain
differences exist, particularly around 200—500 min, which are
primarily produced in the process of following the target power
of the VESS, which occurs because the outdoor temperature at
200—500 minutes is high and the response of air conditioners
is slow.

2) As shown in Fig. 6(b) and 6(c), the SOC of the BSS
and the VSOC of the VESS are in a reasonable range and the
indoor room temperatures for different outdoor temperatures
vary within the required range and meet the requirements of
users.

3) As shown in Fig. 6(d), the number of on/off transitions of
air conditioners under optimal control is more than the number
without control, which may have an influence on the service
life of air conditioners.
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Fig. 6. (a) Reference and actual power of the tie line (top frame) and its

error (bottom frame). (b) SOC of the BSS and VSOC of the VESS. (¢) Indoor
room temperatures. (d) Number of on/off transitions of the air conditioners.
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Fig. 7. Results of optimal coordination control for different outdoor

temperatures. (a) Tie-line power. (b) Indoor room temperature. (c) SOC of
the BSS. (d) VSOC of the VESS.

B. Impact of Outdoor Temperatures on Smoothing Service
Quality

In this section, the results of optimal control with different
outdoor temperatures of 4°C, 6°C, and 7°C are compared.

From the simulation results in Figs. 7 and 8 and Table III,
we can observe the following:

1) As shown in Table III and Figs. 7(a), the OCCS can
make the actual tie-line power track its reference power very
well under different outdoor temperatures. With rising outdoor
temperatures, the RMSE increases because of a decrease in the
ability to respond.

TABLE III
RMSES FOR DIFFERENT OUTDOOR TEMPERATURES

Outdoor RMSE
Temperature (°C)

4 15.53
6 20.30
7 21.59

2) As shown in Figs. 7(b), 7(c), 7(d) and 9, with rising
outdoor temperatures, indoor room temperatures fluctuate less
frequently and the SOC of the BSS varies in a wider range
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-

o

2100+ ]

g :
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Number of on/off statue transitions

Fig. 8.  Number of on/off transitions of the air conditioners for different
outdoor temperatures.

but the VSOC of the VESS varies in a narrower range and the
number of on/off transitions of the air conditioners decreases
because of the decrease in the ability to respond.

C. Impact of Deadband Changes on Smoothing Service Qual-
ity

In this section, the results of optimal control with different
deadbands of air conditioners are shown. This case compared
three different scenarios when the dead-bands of the air
conditioners are 2°C, 3°C, 4°C for a 15% penetration of the
renewable energy.

From the simulation results in Table IV and Figs. 9 and 10,
we can observe the following:

1) As shown in Table IV and Fig. 9(a), when the deadband
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Fig. 9. Results of optimal control for different deadbands. (a) Tie-line power.
(b) Indoor temperature. (c) SOC of the BSS. (d) VSOC of the VESS.
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of air conditioners decreases, the ability to prevent fluctuations
of the tie-line power through the OCCS decreases and the
RMSE increases because of the decreased control range of
the air conditioners. As shown in Figs. 9(b), 9(c) and 9(d),
decreasing the deadband of air conditioners makes the indoor
room temperatures fluctuate more frequently while the SOC
of the BSS and the VSOC of the VESS are maintained at a
higher level.

TABLE IV
RMSES FOR DIFFERENT DEADBANDS OF AIR CONDITIONERS

Deadband (°C) RMSE
2 52.34
3 22.67
4 14.07

2) As shown in Fig. 10, the number of on/off transitions
of air conditioners increases when the deadband decreases.
Since a large number of on/off transitions of air conditioners
will damage them, their deadband should not be too small in
order to extend their life in practical applications. Therefore,
in this scenario, the deadband of 3°C is more preferable.
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Fig. 10.
deadbands.

Number of on/off transitions of the air conditioners for different

V. CONCLUSION

In this paper, an optimal coordination control strategy
of hybrid energy storage systems based on continuous-state
constraints is proposed in ICESs. It is shown that the proposed
coordination control strategy could provide an efficient tie-line
smoothing service and guarantee the SOC of the BSS and the
comfort level of users. Then, numerical studies demonstrate
that the different outdoor temperatures have little influence
on the smoothing service quality, but the on/off transitions
of the air conditioners should be considered in a reasonable
range when the outdoor temperature is too low. Finally,
different cases demonstrate that the reasonable dead-band of
air conditioners is vital for the smoothing service quality and
the on/off transitions of the air conditioners. Therefore, the
dead-band of air conditioners should be decided considering
both the comfort range of users and the simulation results.
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