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Abstract: A two-layer control strategy for the participation of multiple battery energy storage sys-
tems in the secondary frequency regulation of the grid is proposed to address the frequency fluctu-
ation problem caused by the power dynamic imbalance between the power system and load when
a large number of new energy sources are connected to the grid. A comprehensive allocation model
based on area regulation requirement (ARR) signals and area control error (ACE) signals is proposed
to obtain the total output of the secondary frequency modulation (FM) demand with a higher degree
of adaptation when the FM units respond to the automatic generation control command, and the to-
tal output is reasonably allocated to each FM unit by using the two-layer control. Considering the
dynamic fluctuation of the grid frequency, the fluctuation is dynamically suppressed in real-time by
applying model predictive control to successfully forecast the frequency deviation while realizing
the deviation-free correction in the frequency dynamic correction layer. The optimal power distribu-
tion of FM units based on the distributed control concept, as well as the power depth of each unit,
are coordinated in the equalization control layer while keeping a decent battery charge level. Finally,
in Matlab/Simulink, the proposed control approach is simulated and validated. The findings show
that the suggested control approach can suppress frequency difference fluctuation, keep the battery
charged, and reduce the unit’s FM loss.

Keywords: battery energy storage; secondary FM; signal distribution mode; charge state; double
layer control

1. Introduction

The increasing penetration of new energy [1-3] raises concerns about the uncertainty
and instability of its regulation, which could pose serious risks to the power system’s long-
term safety. This could lead to low grid inertia and weak damping, which would increase
frequency variability during power outages. Additionally, the traditional units responsi-
ble for frequency regulation’s limited capacity to regulate effectively make them unsuitable
for promoting the safety and stability of the power grid, which is one of the reasons why
the grid’s ability to use new energy is being restricted [4,5].

When comparing the response rate of energy storage to automatic generation control
(AGC) commands with that of traditional FM units, it is found that among the various types
of energy storage, the rate of the battery energy storage system (BESS) is more than 60 times
that of traditional FM units [6,7]. As a result, the use of energy storage battery systems for
frequency regulation is a hot topic of research. Energy storage has a strong short-time
power throughput capability, bi-directional regulation, and accurate tracking [8]. Accord-
ing to the literature [9], battery storage systems have a lot of promise for offering grid-
assisted services. This also suggests control algorithms and appropriate corrective energy
measures to enable the batteries used in FM services to continually maintain their level of
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charge within tolerances. To address the issue of uneven BESS power distribution during
fast FM, a model predictive control strategy method taking the FM rate features into con-
sideration is put forth in the literature [10]. Large-scale battery energy storage is a new
kind of flexible market actor that can arbitrage the energy market and make money by
offering primary FM services, according to the literature [11].

One of the study foci of energy storage involvement in grid secondary frequency
regulation has been the allocation method of area regulation requirement (ARR) signals
and area control error (ACE) signals when the unit reacts to the AGC command and de-
termines the total FM demand output [12,13]. Traditional allocation approaches include
time/frequency domain allocation and proportional allocation [14,15], but they have low
adaptability and a poor ability to match system output to overall FM demand output. The
control benefits of ACE and ARR signals are contrasted and examined in the literature [16]
to evaluate the FM effect of the allocation mode in combination with the technical charac-
teristics of FM units. The technique did not fully take into account the FM features of the
signal before and after integration. Instead, the literature [17] separated the ACE signal
into three types of regulation regions with distinct priorities and computed the overall FM
demand output based on different priorities. According to the literature [18], the steady-
state frequency deviation in the middle and late FM periods can be recovered by the ARR
signal, whereas the transient frequency deviation in the pre-fast FM period can be recov-
ered by the ACE signal. The literature [19] proposed the sensitivity over zero point as the
criterion for two signal modes switching in the complex frequency domain and analyzed at
the theoretical level that the ACE signal assignment is favorable to the transient deviation
while the ARR signal assignment is favorable to the steady-state deviation.

The distribution of the FM demand’s total output is now split into two categories: the
proportionate allocation based on the power supply’s Dynamic Available AGC (DAA) and
allocation based on the FM signal’s frequency domain characteristics [20,21]. Both [20,21]
split the FM signal into high-frequency and low-frequency components using low-pass
filters. The high-frequency component is then picked up by the BESS to assist in quickly
recovering the transient frequency difference, and the low-frequency component is picked
up by the conventional unit to assist in recovering the steady-state frequency difference.
However, this strategy ignores the battery’s state of charge (SOC), which could result in ir-
reversible damage to the long-term operating battery damage. The literature [22] allocates
the FM responsibility to the variability of the FM cost of different units, which will lead to
the frequent output of traditional units in the actual FM process. The literature [23] uses the
distributed control principle to allocate the power output of the units involved in frequency
regulation based on the FM loss cost but lacks the constraint on the system frequency devi-
ation, which can easily lead to a poor overall FM effect. Traditional linked grids” AGC con-
trol technique often rests on the mutual non-interference principle [24-27]. In other words,
rather than coordinating mutual support, each control region governs the load variation
within its own boundaries. The classic AGC control strategy is a pure communication-
based strategy (i.e., only power fluctuation information on the contact line is exchanged)
from the standpoint of non-cooperative games [28]. This control strategy converges, at
most, with a Nash equilibrium (NE), which is typically distinct from the Pareto optimal
solution. Consequently, in the current circumstances, the traditional AGC-based control
notion limits the collaboration of AGC regulation resources throughout regions, which, in
turn, leads to a shortage or idleness in AGC regulation resources in some provinces. Pre-
vious research primarily implements multi-region AGC joint frequency regulation based
on two concepts. The first is the error diversity interchange (ADI) approach of decentral-
ized area control. A method based on the idea of ADI was proposed by the literature [29],
which examined the variance of control error (ACE) in each area and the control error of
the entire network. It was shown that, after accounting for the correlation of the devia-
tions, the variance of control error in the entire network would be smaller than the sum of
the variance of control error in each area. Joint control in each area can effectively reduce
the demand for regulation resources in each area. By modeling the behavior of the AGC
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system on the assumption that one control region determines the behavior of the entire sys-
tem, ref. [30] implements an enhanced ADI approach. A dynamic ACE concept based on
ADl is put forth in [31] to lessen the effect that the interconnected grid’s outgoing DC and
the lack of high-power units in each region have on grid frequency regulation. Neverthe-
less, even though the ADI-based approach can lower the network-wide demand for AGC
FM resources, it is unable to achieve the ideal distribution of ACE. The distributed optimal
AGC method is the alternative. Large, networked power systems with communication and
spatial constraints are well suited for the distributed control technique [32]. The idea of an
ideal AGC was introduced in [33]. It was based on optimization theory and primal-dual
transformations. It demonstrated that the multi-region distributed optimal AGC could be
realized by utilizing the developed corresponding AGC control strategy with the dynamic
equations of the interconnected system. A distributed economic AGC algorithm based
on [10] was implemented in [34]; however, it is not universal and can only realize mul-
tieconomic optimization of regional AGC. From the standpoint of cooperative game the-
ory, ref. [35] introduced cooperative game AGC (CG-AGC) based on optimum AGC and
showed that the optimal solution produced by this tactic is consistent with the relevant opti-
mal scheduling issue. Additionally, to achieve CG-AGC, the conventional fixed frequency
control mechanism is employed; however, research [36] demonstrates that this approach
is not ideal. The distributed secondary frequency control problem for multi-area systems
with DC linkages is covered in [37]. While the model predictive control method can better
realize the coordinated control of AGCs in each region, the online computation is too large
to meet the actual control requirements. Moreover, ref. [38] proposed a cooperative-based
distributed optimal AGC control strategy for synchronous grids. In order to realize mu-
tual support between regions and improve the frequency quality of the grid, multi-region
AGC joint frequency regulation inevitably permits a moderate amount of deviation from
the planned current and deviation from the planned power. However, the above works
of the literature ignored the power support of the contact line’s constraints. Real-time dis-
patch relies heavily on AGC. The primary challenge in implementing multi-region AGC
joint frequency regulation is how to maintain contact line security while each region is un-
der control and operated within the current dispatch framework. At the same time, the
need for regulation resources must be effectively reduced in order to achieve an improved
economy. Multi-region AGC optimum joint FM is essentially a multi-region AGC optimal
real-time scheduling problem, given the nature of the task. The power system multi-region
economic scheduling problem and the multi-region AGC optimal real-time scheduling are
similar in that the multi-region economic scheduling problem can be solved under the coor-
dinated influence of this multiplier [39]. In the multi-region economic scheduling problem,
the aggregated utility function of the neighboring regions is expressed mathematically as
the Lagrange multiplier of the contact line’s power balance constraint. This multiplier pro-
vides the essential information for the multi-region economic scheduling problem.

The literature mentioned above can prove the feasibility and necessity of BESS in par-
ticipating in grid FM and also consider the coordination of unit response to total FM de-
mand and the reasonableness of FM unit responsibility allocation, but there are some short-
comings, and thus, improvements are needed: (1) The FM unit cannot precisely fit the en-
tire FM demand, and the combination of ACE and ARR signal characteristics is absent from
the current research on FM signal distribution methods. (2) The existing literature [17-21]
primarily distributes FM unit capacity based on the power dynamic adjustable capacity
ratio; however, the method of the current literature lacks a thorough consideration of the
grid FM demand and the FM capacity of the unit, making it impossible to fully utilize the
advantages of the two FM signals and, as a result, also making it impossible for the FM
unit’s output to be flexibly allocated based on maintaining the load level. The scenario
where multiple groups of energy storage are involved in secondary FM is not taken into
account by most of the current literature. When multiple groups of BESS are involved in
FM together, it is easy to cause the BESS with a larger FM capacity to be overcharged and
overdischarged, which is not conducive to the long-term use of energy storage. It is pos-
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sible to redistribute the FM output of multiple groups of energy storage and traditional
units using the consistency algorithm and distributed control principle.

Based on this, this paper puts forward the multiple battery energy storage system
to participate in the secondary frequency modulation control strategy of the power grid
under the new power system. First of all, based on the regional secondary frequency mod-
ulation model of the new power system scenario, the total output instruction of the sec-
ondary frequency modulation under AGC is determined, and the comprehensive distri-
bution mode based on the ARR signal and ACE signal is proposed so as to give full play
to the advantages of the two frequency modulation signals and consider the secondary
frequency modulation capability of the power grid under the new power system. Second,
the dual signal mode adaptive dynamic switching mode proposed considers the frequency
dynamic correction and power equilibrium distribution of the double control strategy, us-
ing the model prediction control dynamic suppression frequency differences based on the
consumption rate of the total demand output equilibrium allocation to the FM unit to sta-
bilize the battery charge level and reduce the unit frequency modulation loss. Finally, the
simulation verifies the effectiveness of the proposed strategy.

2. Regional Grid Frequency Regulation Model with Multiple BESSs

Based on the regional equivalence method to establish the regional grid frequency
dynamic response model, the region is configured with 1 conventional unit and | BESS for
frequency regulation, a total of 1 + | FM power sources. The input of the control system
is the secondary FM demand output APsgc i(s), and the output is the active output of the
FM unit. The dynamic response model of region i is shown in Figure 1 and the parameters
in the model are defined as shown in Table 1 [40].

Table 1. Definition of parameters in the model.

Parameters Definition Unit (p.u.)
APy, i(s) System contact line power deviation MW
Afi(s) Frequency deviation Hz
AP agc i(s) Secondary FM demand out of force MW

Actual power output of conventional unit

APE,(s) with primary frequency regulation MW
APG,,(5) Actt%al power output of Conventionall unit MW
with secondary frequency regulation
APg;,(5) Energy storage battery secondary FM actual MW
’ power output
K; Primary FM factor -
B; Power system deviation factor -
K; PI controller parameters -
Ggi(s) Battery storage model -
Gg(s) Conventional unit model -
APp;(s) Load disturbance -~
M; System rotational inertia -
D; System damping factor -
T; Capacity delay factor for adjacent areas -
a; Capacity conversion factor for adjacent areas -
ACE;(s) Area control deviation signal -

ARR;(s) Regional control demand signals -
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Figure 1. Frequency dynamic response model of region i.

3. Distribution Model Based on ACE and ARR Signals

The signal assignment modes of BESS in response to AGC FM commands are area
control demand (ARR) signal assignment-based and area control deviation (ACE) signal
assignment-based, and the two signals can be converted by a PI controller. Based on the
dynamic expressions of ACE and ARR signals in the literature [19], APpc i(s) is introduced
under the two signals as shown in Equations (1) and (2), respectively.

[ ]
P ‘ 1Aij(s)GB]»(s)+Apc(s)§c;g(s)—Apu(s) P
M_ _p|=Z . 't
= —B; MiS—l—Di—l—KiGg(S) + APy i(s) (1)
[ ]
'21 APyj(s)Gpj(s) + APg(s)Gg(s) — APLi(s) X
(s) = ()= _B. | = . o
APacc,i (s) = ARR;(s) B; Ms+ D, —l—KiGg(S) ‘|’Aptze,z(5) (2)

AA(s) is the difference between the ARR and ACE signals, and its expression is shown
in Equation (3). The time domain curves of ACE(s), ARR;(s), and AA are shown in Figure 2.

AA(s) = ARR;(s) — ACE;(s) 3)
Whether the signal difference AA(s) crosses the zero point or not is used as the switch-
ing timing for the two modes.

When AA(s) <0

FM pre-frequency and ACE signal enhancement greater than the ARR signal is con-
ducive to the system to quickly recover the transient frequency deviation, so take ACE con-
trol mode, the total demand out of the secondary FM AP sgc (s), as shown in Equation (1).

When AA(s) >0

In the middle and later stages of FM, the ACE signal weakens while the ARR signal is
enhanced; at this time, the ACE signal plays a suppressive role in the later FM, and the ARR
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control is conducive to improving the steady-state frequency deviation of the system, so
the ARR control mode is adopted, and the total demand out of the secondary FM AP pc i(s)
is shown in Equation (2).

A
) ACE signal amplitude
ARR signal amplitude " = '.

L Signal difference A4 amplitude Lo - :
- i )
1 - )
= L o )
= - 1
] o )
< e ]
| :
LT w2 )
] . )

> >
v . .
e Time/s

Figure 2. Signal-time domain curve.

4. Two-Layer Control Strategy Based on FM Duty Assignment
4.1. Two-Tier Control Structure

For the allocation of the total demanded output APagc i(s) of secondary frequency
regulation when multiple BESS and conventional units participate in frequency regulation
together, this paper takes into account the technical characteristics and economics of FM
units and proposes a two-layer control strategy for multiple BESS and conventional units
to respond to AGC commands in a coordinated manner based on meeting the demand of
grid frequency regulation, and the structure diagram of the two-layer control is shown in
Figure 3.

! |

| Dual signal mode to determine |

! the total FM output I |
|

Determining state and |
disturbance quantities ,—P{ Model predictive control ‘

[V |
,,,,,,,,,,,,,, ) I I Fastrecovery of system frequency |
! imi i ¢ | deviation to zero !
(Sl eyl ionc g Feedback correction Rolling optimization L____fovmbenforere 1
| power to FM units ] |

Power equalization distribution layer

1

|

T Objective function and |
[W] R — Balanced control

||
| Redistribution of power output »
] of FM units |

[ Distributed control principles | 4———

(]

R l Iterative update of consistency variables l
! Determine the final output of | |

I the FM units | |
1

I
7 |
e | l Iterative update of units output H :

Figure 3. Two-layer control structure in dual-signal mode.

The upper layer is the frequency dynamic correction layer that dynamically suppresses
the frequency difference to zero, fully considering the actual working conditions of differ-
ent FM units in response to AGC commands, using model predictive control to predict
the correction of the frequency difference while making the preliminary allocation of the
output of each FM unit obtain the expected output of each unit. The lower layer is the
power balancing control layer, which achieves the optimal power distribution between
conventional units and multiple storage batteries. The differences in technical character-
istics of different FM units are fully considered, and the expected output of FM units ob-
tained in the frequency dynamic correction layer is balanced and controlled based on the



Energies 2024, 17, 664

7 of 19

distributed control principle to finally determine the final output of each unit. The progres-
sive optimization of the upper and lower control layers achieves the sustainable operation
of multiple BESS and conventional units while satisfying the grid without differential fre-
quency regulation.

4.2. Frequency Dynamic Correction Layer

In the combined allocation mode of both ARR and ACE signals, the first layer of the
fuzzy controller takes the system frequency deviation Afl and the power signal Pocg (or
Pagr) allocated to the FM unit in ACE (or ARR) mode as input quantities for the FM de-
mand of the grid, thus determining the participation factor o for the energy storage response.

To correct the grid frequency deviation to zero by real-time prediction, model pre-
dictive control is used to dynamically suppress the frequency deviation while performing
the initial allocation of power to each FM unit. The model predictive control algorithm
generally consists of three parts: predictive model, rolling optimization, and feedback cor-
rection [41]. The principle is that the system state information of the previous moment
is received, and then based on the predictive model of the system and the corresponding
performance indicators, the optimal control sequence is solved and applied to the system;
then, the rolling optimization is performed and the previous process is repeated. The prin-
ciple of model predictive control is shown in Figure 4.

_____________

[ | ;
! Rolling optimization of control variables (mput » T T
| Output reference values ’/ﬁ variables) at k moments | L _Eo_nt_r(ﬂlid_olz]ecff (_St_atf Xaflibles_) -]
i L e 1
_________________________
| Rolling :4— Control variables (input variables) in the | T — |
. : optumzahon » control time domain Tc G
% .

Predicted outputinthe | [ " T T
predicted time domain Tp

Figure 4. Model predictive control structure diagram.

4.2.1. Model Predictions

A prediction model is built to analyze the historical states of system inputs and out-
puts, laying the foundation for realizing predictions of the control object’s output under
different inputs.

The state space model of the frequency dynamic response at moment k is

{ X(k+1) = AX(k) + BU(k) + RW(k)
Y

(k) = CX(k)
X(k) = [Afi(k) AP (k) AY (k) APy (k) APa(k) - - - APgy(k) APy, (k)]
U(k) = [APg(k) APg1(k) APgy(k) - - - APgj (k)] 4
W(k) = [APL;(k)]
Y(k) = [ACE;(k) Afi(k) APy (k)]
APOG(K) = APy (k) = APg(K) = --- = APYg, (k) = Alascid)

where X(k), U(k), W(k), and Y(k) represent the state variables, input variables, disturbances,
and outputs at moment k based on the settings in Figure 1, respectively, and A, B, R, and C
represent the state matrix, input matrix, disturbance matrix, and output matrix of the sys-
tem, respectively. The matrices can all be derived from the frequency dynamic response
model of Figure 1 and are not repeated here. AP (k) and APOBj(k) denote the initialized in-
puts of the conventional unit and J energy storage units at the time of sampling at moment
k. AY is the change of steam valve opening of the turbine.
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T

After discretizing Equation (4) with Ts as the sampling period, the discrete state space
model of the system at moment k is obtained as

A=eAT

B= OTS eATBdt

R= fOTS eATRAt ®)
X(k+1) = AX(k) + BU(k) + RW (k)
Y(k) = CX(k)

4.2.2. Rolling Optimization

Based on the prediction model for the future output of the system, the change of the
controlled object in the future moment is determined by minimizing the objective function.
The objective function is

T.
minfi = & (Y(k+ tplk) = Vel + ) QY (k- tplk) = Ye(k+tp)") = X UT(k+ te — 1R)RU(K+ te — 1)

tp=1

s.t. Umin < U < Umax

te=1

(6)

Yr(k+tp) = [ACE;(k+tp) Afi(k+tp) APy (k+tp)]
Y (k+tplk) = [ACE;(k+ tplk) Afi(k+ tp|k) APy (k+ tp|k)]

{ Uk +te —1]k) = [APG(k + te — 1|k ) APgy (k + tc — 1|k) APga(k + te — 1[k) - - - APy (k + tc — 1]k)]

where Q and R are the output weighting matrix and control weighting matrix, respectively,
Y; (k+tp k) is the reference value of the output variables of the system at moment k for the
future k + t, moment, and all the reference values of the output variables are set to 0. Y(k +
tp I k) denotes the predicted output variables of the system at moment k for the future k + ¢,
moment, where ¢, €(1,Tp) and ¢, is the predicted time domain. U(k — 1+t |k) denotes the
sequence of predicted optimal control variables of the system at moment k for the future
k — 1 + t. moments, where t.€(1,T.), T. is the control time domain, Umax and Uy, are
the upper and lower limits of the control variables of the system, and the upper and lower
limits are set as the charging and discharging power constraints of the BESS.

The first column U(k) of U(k — 1+ t. k) is applied to the system, and the optimization
problem is updated and solved in the next period of time. The cycle advances continuously,
thus achieving the purpose of rolling optimization.

4.2.3. Rolling Optimization

Feedback correction can reduce the deviation of the control system from the output
prediction. After applying U(k) to the system at time k, the actual output of the system at
time k + 1 can be measured as Ys(k + 1+t, |k + 1), and the predicted output Y(k + 1 + ¢, k)
and the actual output Ys(k + 1+, |k + 1) can be used to correct the predicted output at time
k +1 by weighting the actual output and the predicted error together.

The prediction error of the system at moment k is

E(k) = Ys(k+1+tplk+1) = Y(k+1+tp|k) 7)
The corrected predicted output of the system at moment k + 1 is
Yeor(k+1+tplk+1) = Y(k+1+tp|k+1) + HE(k) 8)
where H is the error correction weighting matrix.

4.2.4. MPC Implementation Frequency Dynamic Correction Process

Let the preset sampling interval of the timer be At;, and the flow of the k-moment
MPC to achieve the dynamic correction of the grid frequency is as follow Figure 5.
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Input variable parameter initialization

Does the calibration prediction output agree
with the output reference value?

Obtain information about U(k)and W(k)

X(k+1) and Y(k) at moment k are obtained by
substituting into the prediction model

=k+
k /: 1 | Rolling optimization yields U(k+,-1|k) at moment k |
! L]

| Feedback correction of Y(k+1+2,|k+1) at moment i+1 |

Timer reaches preset value?

Figure 5. Flow chart of MPC to achieve dynamic correction of grid frequency.

4.3. Power Balancing Control Layer

To achieve the optimal output allocation of conventional units and multiple BESS
groups, the output results of the initial allocation are balanced and controlled based on
the distributed control principle. The basic idea of power equalization control can be de-
scribed as adjacent connected intelligences communicating with each other to achieve local
goal consistency and then communicating signals to the control center to achieve overall
goal consistency [40]. The power equalization control includes three parts: establishing
the function, parameter initialization, and iterative update. The structure diagram of the
equalization control is shown in Figure 6.

Local Communication

|
: Smart Body 1 : Partial |
Local Control | I_> Objective 1
— |
Ob]ec’Flve —>: + Iterative
function
f———— , . | Updates | Partial
| Control | Const'{“amt _>: Smart Body 2 :_> Objective 2 ||
: Center : functions | |
—————— Toatal : Iterative . :
Parameters _>| Updates I~ I-’arfflal —
: L : Objective m
Overall Goals la————— """~~~

Figure 6. Power balancing control structure diagram.

4.3.1. Objective Function and Constraint Function

Based on the demand of grid frequency regulation, the total power output of the FM
units at the moment m needs to meet [42]

J
APaGei = P+ ) Pajm )
=1

where Pg ;, is the FM output of the conventional unit at m moments, and Pg; , is the FM
output of the BESS at m moments.
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The FM loss is the change in operating cost brought about by the change in power out-
put of the unit during the secondary FM process. The FM loss function of the conventional
unit at m moments is

2
Dgm = acgP,m
P Gmin,m SPP G,mp S P Gmax,m (10)
. Gm—IGm-1
RGmin < mAitzm < RGmax

s.t

where Dg ,, is the FM loss of the conventional unit at moment m, ag is the weighting fac-
tor, Rgmax and Rgmin are the maximum and minimum values of the climbing rate of the
conventional unit, PGmax » and PGmin,» are the maximum and minimum values of the FM
output of the conventional unit, and At; is the timer preset sampling time interval.

The loss function of BESS consists of charge/discharge power and charge state, which
can avoid the large FM loss of BESS when it assumes a large amplitude of steady-state
frequency deviation. The FM loss function of each group of BESS at moment m is

2
2 2
Dgjn = apjPsjm” + bp;Sp; (Qsoc;‘,m - Qrefsoc]')
PBjmin,m < PBj,m < PBjmax,m (11)
Pgj,m—Ppjm—1
s.t. RBjmin < % < RBjmax

Qsocjmax < Qsocjm < Qsocjmin

where D, is the FM loss of BESS at moment m, ag; and bp; are the weighting coefficients,
Qsocj,n is the charge state of BESS at moment m, Qrefsocj is the charge state of BESS at mo-
ment m, Qrefsocj is the expected reference value of BESS charge state during FM, Qsocjmax
and Qsocjmin are the maximum and minimum values of BESS, Rpjmax and Rpjmin are the
maximum and minimum values of the BESS climbing rate, and Ppjmax,m and Ppjmin,m are
the maximum and minimum values of BESS FM output, respectively.

When Py, <0, Pp; 1, = P°Bj,n, BESS is the charging state, and when Pg; ,, >0, P, = PdB]-,m,
BESS is the discharging state. The charge state is further expressed as charging and dis-
charging power by Equation (12), and finally, the BESS FM loss function shown in Equation (13)
is obtained by combining Equation (11).

At
Qsocjm—1 = 1P Bjm sy Pojm <0

Atz P
e Pim >0
deSBj Bj,m

Qsocjm = (12)

d
Qsocjm—1 — PBjm

where Qsocjm—1 is the charge state of BESS at m — 1 moment, and #; and 77d]' are the BESS
charging and discharging efficiency.

Dgjn = APgju” + BPgjm + C

2
_ At

A= apj + ij (WC]’ST;)

A
B = —2bg; (’7‘:]-572) (QSOCj,mfl - Qrefsoq)/ Pgjm <0

C = bg;S?; (QSOCj,m—l - Qrefsoc]')

2
A = ag; + by | D2
Bj Bj deSBj

At
B = —2bg; W;B] (Qsoc]‘,m—1 - Qrefsoc]‘)/ Pgjm >0

2
C = bp;Sp, (QSOCj,mfl - Qrefsoq)

(13)
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In summary, the power balance control objective function and its constraints are

]
minD;, = ) DBj,m+DG,m
=1

PBjmin,m < PBj,m < PBjmax,m

RBjmin < PBL%ZBMH < RBjmax

Qsocjmax < Qsocjm < Qsocjmin (14)
s.t. PGmin,m < PG,m < PGmax,m

RGmin < PG%I:ZG'H < RGmax

J
APxGei = Pom + '21 Pgjm
]:

4.3.2. Parameter Initialization

The consistency variable A is the partial derivative of the loss function to the power
output, and its magnitude can express the unit power cost of the FM unit. A increases with
the increase of the FM power output of the unit, and the consistency variable A of each FM
unit tends to be the same when the optimal power output distribution is achieved. A is
expressed as follows:

— aDG,m —
)\G = Wom ZIZGPG,m (15)
9Dgjm
AB]’ = 73PB;,;n = ZAPB],m + B

The result of FM unit output obtained from the frequency dynamic correction layer
is used as the initial value of power balancing control, and the initial value of A is obtained
from Equation (15) as follows:

POG,m = PMPCG,m

POBj,m — PMPCBj,m

)\OG = ZQGPOG,m = ZaGpMPCG,m

A%; =2AP%;,, + B =2APMICy; 4+ B

(16)

where POBj,m and PG, are the initial values of FM output for BESS and conventional units,
respectively; AOB]',W, and )\OG,m are the initial values of A for BESS and conventional units,

PMPCB PMPC
]

respectively; and im and c,m are the output obtained from FM units using MPC.

4.3.3. Iterative Update

When iterating over A, the unit changes its FM output so that its A is approximately
consistent with that of the adjacent power supply, thus achieving the purpose of power
balancing control. Iterating over the FM unit & at m moments, the virtual consistency vari-
able A", ,,, for the n'h jteration is obtained by correcting A”_la,m and unit output P”_lmm
for the n — 1th iteration. The correction function is

D
Anwa,m = )\nilrx,m —0 Z ()\nila,m - /\nilﬁd,m) + o2 (Potx,m - Puc,m) (17)
d=1

where A" 1 pd,m 1s the consistency variable of unit 3 adjacent to unit o, d€[1,D], PO, m is
the initial value of unit « FM output, and ¢ and o are correction factors.

If A 1 crosses the limit during the iteration, take the boundary value of its range as
the actual consistency variable A"y ;. A"y 1, for the nth iteration is

/\max/ )\na,m > )\max
Antx,m = /\min/ Anzx,m S Amin (18)
/\na,mz /\min S /\ntx,m < /\max
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where Apax and Apin are the maximum and minimum values of the o consistency variable
of the unit, respectively.

Substituting A", , into Equation (15) gives the theoretical output P"" ;; of the FM unit,
and using the same boundary value constraint gives the actual output P", ,,, as

Prax, inlx,m > Pmax
Pnoc,m = Pmin/ ina,m S Pmin (19)
Pnz“,m, Pmin S inzx,m S Prnax

where Ppax and Phin are the maximum and minimum values of « FM output of the unit,
respectively.

4.3.4. Power Balancing Control Process

Let the preset sampling time interval of the timer be Aty. The process of realizing the
power equilibrium distribution at time m in the n time iteration is shown in Figure 7.

Unit parameter
initialization

Is the A of adjacent units consistent?

The virtual virtual consumption micro-increase rates
Aam for the nth iteration are obtained by correction

v

Solving for the actual consumption
micro-increase rates A'am

n=n+1 Solve for the actual output force of the unit
Pram

imer reaches preset value

Y

A
End

Figure 7. Power balance distribution process chart.

5. Simulation Analysis
5.1. Simulation Parameters

The equivalent model of a typical regional power grid shown in Figure 1 is used to
build a simulation in the Matlab/Simulink (version 2018) platform, and the maximum rated
capacity of the unit and the rated frequency of 50 Hz are used as the reference values for the
standardization. Two typical conditions of step disturbance and continuous disturbance
are designed, and the effectiveness of this strategy (Scheme 3) is verified by comparing it
with the dynamic frequency regulation capacity method (Scheme 2) and no energy storage
(Scheme 1). The parameters of the FM unit are shown in Table 2 [42], and the system
simulation parameters are shown in Table 1 [43].

5.2. Step Perturbation

A step perturbation of APy; of 0.01 is added in region i (rated at 100 MW). To better
verify the effectiveness of the method in this paper based on the evaluation system, the vari-
ation curves of the frequency deviation, consistency variable, FM unit output, and battery
charge state under the step perturbation of the three schemes are compared.
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Table 2. FM unit parameters.
Conventional Units BESS 1 BESS 2 BESS 3 BESS 4 Unit
Power Backup —750~750 —60~60 —50~50 —40~40 —-30~30 MW
Climbing rate —800~800 —104~104 —104~104 —104~104 —104~104 MW-h
Battery Capacity - 50 40 20 10 MW-h
Charging and
discharging efficiency B 09 09 09 09 B

Figure 8a shows the frequency deviation variation curves of the system under step
disturbance, and from the comparison curves of the three schemes, it can be obtained that
all three schemes can adjust the frequency deviation without a difference, but compared
with Scheme 1 and Scheme 2, Scheme 3 produces the smallest frequency deviation, and
the frequency drop rate of Scheme 3 is 11.49% and 1.79% lower than that of Scheme 1 and
Scheme 2, and the frequency recovery rate is 19.16% and 1.51% higher than that of Scheme
1 and Scheme 2 by 19.16% and 1.51%. Therefore, Scheme 3 can recover the frequency de-
viation to 0 in a shorter time, and at the same time, it can control the fluctuation of the
frequency deviation in a smaller range during the recovery process.
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Figure 8. (a). Frequency deviation comparison graph. (b). Variation of A for FM units. (c). The
output of FM units for Scheme 2. (d). The output of FM units for Scheme 3. (e). Battery charge state
diagram for Scheme 2. (f). Battery charge state diagram for Scheme 3.

Figure 8b shows the consistency variable of FM units under Scheme 3, and Figure 8c,d
show the output variation curves of FM units under Schemes 2 and 3, respectively. After
adding the step disturbance, from Figure 8b—d, it can be obtained that (1) the high consis-
tency of the consistency variable for each FM unit indicates that Scheme 3 has a good effect
on the unit output balance control and (2) the BESS has a fast climbing rate and prioritizes
the output, but the output varies due to the different FM capacities of each group of BESS,
among which the capacity of BESS 1 is large and has more output, and the capacity of BESS
4is small and has less output. Scheme 2 lacks the equalization control of the output of mul-
tiple groups of BESS; thus, the BESS with the large capacity is damaged due to taking too
much output, and Scheme 3, after adding the equalization control, makes (3) the output
of the conventional unit relatively smooth. Compared with Scheme 2, the output of the
conventional unit in Scheme 3 is smoother after receiving the equalization control, which
can effectively avoid the wear and tear caused by the fluctuation of its output.

Figure 8e,f show the charge state change curves of FM units under Scheme 2 and
Scheme 3, respectively, and the initial charge state of each group of BESS is 0.55. From
the figure, it can be obtained that the power output of each group of BESS in Scheme 2
is unbalanced, and the power output of BESS1 with a large capacity is too much, causing
SOC to drop rapidly, while the power output of BESS 4 with a small capacity is less and
SOC changes less, which may easily lead to the large-capacity BESS being overcharged
and over-discharged, and the small capacity BESS is wasted. Compared with Scheme 2,
the SOC variation of each group of BESS in Scheme 3 is balanced and less fluctuating,
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and it can stabilize the SOC variation in each group of BESS within 0.45~0.55. Comparing
the average values of the charge states of Scheme 2 and Scheme 3 during operation, the
maintenance level of the charge state of Scheme 3 is 66.6% higher than that of Scheme 2.

5.3. Continuous Perturbation

A 5 min continuous perturbation, as shown in Figure 9a, is added in region i (rated
at 100 MW). To better verify the effectiveness of the method in this paper based on the
evaluation system, the change curves of frequency deviation, consistency variable, FM unit
output, and battery charge state under step perturbation of the three schemes are utilized

for comparison.
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Figure 9. (a). Continuous load perturbation. (b). Frequency deviation comparison graph. (c). Vari-
ation of A for FM unit. (d). The output of FM units for Scheme 2. (e). The output of FM units for
Scheme 3. (f). Battery charge state diagram for Scheme 2. (g). Battery charge state diagram for
Scheme 3.

Figure 9b shows the frequency deviation variation curves of the system under contin-
uous disturbance, and from the comparison curves of the three schemes, it can be obtained
that the frequency deviation produced by Scheme 3 is the smallest, and the frequency drop
rate of Scheme 3 is 8.87% and 1.55% lower than that of Schemes 1 and 2, and the frequency
recovery rate is 9.50% and 1.97% higher than that of Schemes 1 and 2. In summary, Scheme
3 has better control of frequency deviation fluctuations.

Figure 9c shows the A variation of the FM unit, and Figure 9d,e show the output varia-
tion curves of the FM unit under Scheme 2 and Scheme 3, respectively. After adding contin-
uous disturbance, from Figure 9c—e, it can be obtained that (1) the approximate agreement
of the consistency variable for each FM unit indicates that Scheme 3 has a good effect on
the unit output balance control; (2) Scheme 2 lacks control of the output of multiple groups
of Scheme 2 lacks balanced control of the output of multiple BESSs, and the output of each
group of BESSs is seriously unbalanced, with the output of BESS 1 fluctuating more sharply
and being more easily damaged, and the output of BESS 4 is too little, resulting in wasted
resources. (3) Compared with Scheme 2, the conventional unit in Scheme 3 has a smoother
output after receiving equalization control, which can effectively reduce mechanical wear
and tear.

Figure 9f,g show the charge state change curves of FM units under Scheme 2 and
Scheme 3, respectively, and the initial charge state of each group of BESS is 0.55. From the
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figure, we can obtain the following: the SOC changes of each group of BESS in Scheme 2
are relatively extreme, the SOC fluctuation of BESS 4 is too small, and the SOC fluctuation
of BESS 1 is too large, which may easily reduce the life of large-capacity BESS in long-
term use and easily cause the waste of small capacity BESS. Compared with Scheme 2, the
SOC variation of each group of BESS in Scheme 3 is balanced and less fluctuating, and the
SOC variation of each group of BESS can be stabilized within a certain range. Comparing
the average values of the charge state during operation for Scheme 2 and Scheme 3, the
maintenance level of the charge state for Scheme 3 is 47.2% higher than that of Scheme 2.

6. Conclusions

This paper proposes a multi-group battery energy storage system to participate in the
new power system scenario. The dual signal allocation strategy in this strategy, through
the timely conversion of two FM signals, can give full play to the advantages of the two
frequency modulation signals and improve the matching degree of the system output re-
sponse to the total demand of frequency modulation output. The frequency dynamic cor-
rection control of the upper layer control can predict and correct the power grid frequency
difference in real time. When considering the actual working conditions of different FM
units responding to the AGC instruction, the model prediction control is used to dynam-
ically suppress the frequency difference. The power balance control of the lower level
control can comprehensively consider the technical characteristics and economy of the FM
unit. The equilibrium control of the upper predicted output is based on the principle of
distributed control. Finally, the optimal output distribution of the FM unit is realized, and
the final output of the FM unit is obtained. The simulation results show that the output sit-
uation and charge state of each group of BESS can be maintained at a good level compared
with Scheme 2.

Based on the paper’s findings, a number of concerns pertaining to this subject require
additional research. The inherent volatility of wind energy has led to a global boom in
grid-connected wind power generation in recent years, and wind power has progressively
become a critical component of capacity. To investigate the feasibility of altering the ca-
pacity in accordance with the wind power’s varying time period, more research into the
wind power’s fluctuating characteristics is necessary. The internal control strategy of the
power plant, the dispatch center’s control strategy, and the inter-regional coordination
control strategy are all parts of the integrated control strategy, which is made up of a vari-
ety of control techniques and methodologies. Since the cooperation problem has not been
thoroughly covered in this study, one area that needs more research is how to improve
cooperation in this integrated control technique.
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