IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 7, JULY 2024

7925

Hierarchical Frequency and SOC Control of Power
Grids With Battery Energy Storage Systems

Zakaria Afshar
and Mehdi Farasat

Abstract—A novel approach to modeling of and integrating the
state-of-charge (SOC) of a battery energy storage system (BESS)
into the load frequency control of power systems is proposed. By
considering the SOC as a state variable in the state-space model
of the system, a hierarchical frequency and SOC control scheme
is introduced. On top of the primary frequency control, which
is the lowest hierarchy level, the SOC signal is used as the input
to a novel primary charge controller (PCC) to prevent the BESS
from discharging/charging beyond minimum/maximum allowable
ranges. In the middle level of the hierarchy, the secondary fre-
quency control loop is augmented to restore the system frequency
to its nominal value when the PCC is active. At the top level of the
hierarchy, a novel secondary charge controller (SCC) is designed
to charge the BESS to its maximum allowable range so that it
can continue to contribute to frequency control. System stability is
studied using Popov/circle criterion. It is also shown that with mul-
tiple distributed energy storage units, following the SOC-balancing
principle and by sharing SOC information among the units, only
one BESS shall be equipped with the proposed PCC and SCC.
Effectiveness of the proposed hierarchical control in providing fast
and stable frequency response under different load and generation
conditions is validated through hardware-in-the-loop studies.

Index Terms—Battery energy storage systems, frequency
control, hierarchical control, SOC control.

1. INTRODUCTION

OAD frequency control (LFC) of the power system is
L crucial when there is an imbalance between active power
generation and demand [1]; a surplus in generation leads to
increased frequency and a deficit causes frequency drop. Primary
frequency control (PFC) in power systems adjusts the operating
point of prime movers and consequently, the synchronous gen-
erators response to such frequency fluctuations. To eliminate
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the frequency response error of the PFC, a secondary frequency
control (SFC), also known as automatic generation control, is
applied in the power system. In SFC, which is performed in
some control areas that monitor the grid frequency, the mea-
sured frequency is passed through an integral controller and the
corresponding generated reference power is obtained and sent
to the generation units via communication links to eliminate the
steady-state error.

With higher integration of renewable energy systems and
electric vehicles (EVs) to the power system, recent studies have
proposed modifications to the traditional LFC model of the
power system. Some papers have included the comprehensive
model of wind turbine generation [2] and photovoltaic systems
[3], as disturbances in the LFC model. In [4] and [5], EVs
are modeled along with the LFC model by taking vehicle-to-
grid technology into consideration. In [6], demand response
is modeled within LFC. Communication link delays in SFC
are considered and coped with in [7] and [8]. In some papers,
such as [9] and [10], PFC and SFC are not distinguished within
LFC. In [11], although PFC and SFC are distinguished, the time
frames associated with each control layer are not considered.
As explained in [12], PFC response time is to the extent of
seconds whereas SFC response time ranges from tens of seconds
(20 to 30 s) to minutes. Advanced controllers, such as robust
H-infinity controller [9], [13], intelligent controllers [14], and
fractional order controller [15], have been employed to replace
the conventional integral controller in the SFC loop. However,
these controllers are complicated for real-time implementation.

In [9], [10], and [11], BESS is added to the LFC model of
a conventional power system. Although this model is widely
used for a single-area power system with a synchronous gen-
erator (SG) and a BESS, it can be extended to two-area or
larger power systems as well. Also, this extended LFC model
is commonly used for islanded microgrids or shipboard power
systems with a diesel generator and a BESS. The BESS can
practically contribute to inertial response [16], [17] and also to
PFC [18]. Although BESS can be theoretically used for SFC,
as used in [19], it is, however, impractical to consider it for this
purpose due to its low capacity compared to SG units. More
importantly, the battery SOC must be considered and controlled
while it contributes to PFC. Otherwise, once the BESS depletes
and ceases power injection to the grid, there will be a sudden
loss of source of generation and a rapid frequency drop. This
may trigger the rate-of-change-of-frequency (ROCOF) relays
within the power system if the SG units could not ramp up
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their generation quickly. This issue is not considered in [20],
for instance. There, to prevent power draw/injection from/to the
BESS, a logic-based method is used to set the reference current
in the BESS’s inverter control to zero when its SOC reaches the
minimum/maximum allowable range. Our comparative study
shows that frequency deviations and oscillations are more severe
under this method.

Very few studies have attempted to model and control the
battery SOC in LFC. In [21] and [22], the SOC is controlled
by some logic-based (if/then) algorithms, and the SOC is not
modeled as part of the system dynamics. This makes system
stability analysis difficult, as such studies are not presented in
[22]. In [24] and [25], SOC-based adaptive droop controllers
are proposed, where the droop gain is a nonlinear function of
SOC and varies such that as SOC nears its allowable range, the
BESS charge/discharge slows down. Like [22], stability analysis
of these methods is not presented.

In case of multiple BESSs, it is conventional to follow
an SOC-balancing approach for minimizing the number of
charge/discharge cycles of the BESSs. In [23], a multiagent-
based distributed control is proposed to achieve SOC balancing
using dynamic average consensus; however, frequency restora-
tion and recharge control of the BESSs have not been investi-
gated. In [26], an adaptive virtual power concept is introduced
and used along with consensus control to modify the frequency
droop control formula. In [27], a method to modify the droop
gain is proposed to achieve SOC balancing. Like [23], there is no
recharge control method to show the SOC balancing while the
BESSs are being charged to their maximum SOC. Additionally,
system stability is not considered when altering the droop gains.

For frequency and SOC control, it is more rational to first
model the SOC as a state variable in the state-space model of
LFC, and then design a controller to maintain the SOC above
a predefined lower bound to preserve the battery charge for
contingency conditions, and to prevent sudden disconnection
of the BESS from the grid. In [13] and [28], the BESS SOC
is derived as the integral of the BESS output power. However,
we showed in [29] that this is not precise and derived a proper
and accurate relation. This enabled us to incorporate the SOC
into the extended LFC model. Also, we designed a primary
charge controller (PCC) with a closed-loop system to ensure the
SOC will not drop below its lower bound. Compared to [29], in
this article, we 1) improve the PCC design such that the BESS
SOC is also limited to its maximum allowable range when it is
charged during reduced load time intervals, 2) consider the SFC
loop, investigate the new features of the SOC-aware SFC, and
provide guidelines to design the secondary frequency controller
in presence of the PCC, 3) propose a new piecewise linear charge
controller, referred to as secondary charge controller (SCC), to
charge the BESS during off-peak load time once the secondary
control loop is closed and there is surplus of power, and 4)
extend the proposed frequency and SOC control to a power
system with multiple BESSs. System stability is investigated
using the Popov/circle criterion, and guidelines for tuning the
SCC parameter are presented. The correctness of the proposed
model along with the proposed controllers is validated through
simulations. Real-time, hardware-in-the-loop (HIL) studies are
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TABLE I
COMPARISON OF THIS WORK WITH PREVIOUS WORKS
SOC
Frequency Recharge Stability modeled SOC
Ref . . .
restoration control analysis as a state | balancing
variable
[20] Yes Yes No No No
[21] Yes No Yes No No
[23] No No Yes No Yes
[25] No Yes No No No
[26] Yes No Yes No Yes
[27] No No No No Yes
[29] No No Yes Yes No
This Yes Yes Yes Yes Yes
paper

Fig. 1. Primary frequency control with BESS [8], [9], [18].

performed with different load and battery SOC to verify the
effectiveness of the proposed hierarchical control in maintaining
frequency of the system at its nominal value. Comparative
studies are conducted to show the advantage of integrating SOC
into the system model, along with frequency, and designing
the controller based on the new system dynamics. In addition
to comparative studies, features of the surveyed methods in
this literature review are summarized and compared against the
proposed method in Table I.

Major contributions of this article are three-fold.

1) The LFC state-space model is modified by including the
BESS SOC as a state variable. Based on this model, novel
primary and SCCs are designed in the primary and SFC
loops to maintain the BESS charge within desired margins.

2) The primary and SCCs are designed to satisfy the
Popovi/circle stability criterion and are embedded as con-
trol layers in the proposed hierarchical control.

3) The proposed hierarchical frequency and SOC control is
extended to a power system with multiple BESSs.

The rest of this article is organized as follows. Sections II
and III discuss PFC and SFC with BESS SOC consideration,
respectively, Multiple BESSs are discussed in Sections IV and
V provides model validation, HIL results are presented in
Sections VI. Finally, Section VII concludes this article.

II. PFC oF POWER SYSTEMS WITH BESS SOC
CONSIDERATION

Fig. 1 depicts the PFC model of a power system with BESS,
which is widely used in the literature [8], [9], [18]. The BESS
is embedded into the LFC model to contribute to PFC by the
use of a virtual governor. The virtual governor is a proportional
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Fig. 2. SOC-aware primary frequency control.

controller with the BESS droop gain I?, which yields the BESS
reference power APgef . The BESS droop gain influences the
steady-state value of frequency deviation A f as follows:

Af=—-AP,/(D+1/Rg+1/Rp) (1)

where A Py, is the load variation, D is the power system damping
ratio, and RR¢ is the generator droop gain. However, the BESS
can contribute to PFC only if there is available charge. Therefore,
the SOC must be incorporated into this model.

In [29], we derived the following equation that relates the time
derivative of battery SOC variation ASOC to its output power
variation in per unit, A Pj™

d Sbase
—ASOC = —aAPE" =
B T 36

dt
where Spase is the base apparent power and Ey,x is the maximum
energy capacity of the BESS in Wh. By integrating %ASOC and
adding it to the initial SOC percentage, SOC*, the actual value
of SOC can be obtained as follows:

SOC = SOC* + ASOC.

2

3)

Using this derivation, we were able to incorporate the SOC
into PFC, as shown in Fig. 2.

The PCCinFig. 2 is a piecewise linear controller, which is pro-
posed to prevent the BESS SOC from dropping below/exceeding
the allowable minimum/maximum values, SOC ;, and SOC pax,
respectively. The controller produces a power reference modifier
signal A Ppcc that modifies the reference power of the BESS as

m(SOC — SOCpin)

APpcc =10
m(SOC — SOChay)

SOC < SOCpin
SOChnin < SOC < SOCax

SOC > SOC .
“)
Here, m is the slope of the linear piece of the controller.
The range of this parameter is given in (7) and details about
its derivation are provided in [29]. It is noteworthy to mention
that although the proposed PCC in [29] only considers the lower
bound of SOC and the proposed PCC in this article considers
both the upper and lower bounds, they lie in the first and third
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quadrant of the coordinates and thus, both the controllers satisfy
the Popov/circle criterion when m satisfies (7).

In [29], by using the equilibrium definition, we found that the
steady-state value of BESS output power will be zero (APg =
0) to prevent the SOC from decreasing. Also, there will be a
frequency drop due to gradual loss of a generation source, and
the SOC will settle slightly under the SOC,y;, with an error.

Following the same principle, the modified PCC will lead to a
steady-state error when SOC reaches SOC,,,x. The steady-state
values for frequency variation and the SOC are as follows:

Af=—-AP,/(D+1/Rg) 5)
APy,
SOC = SOCin — )
mRp(D + 1/Rg)
for SOC < SOC i, and AP, >0
APy,
SOC = SOCax — mRp(D+ 1R’
for SOC > SOC,.x and AP, < 0. (6)

Comparing (1) and (5) proves that there will be frequency
drop, as 1/Rp is no longer present in the A f equation. Equa-
tion (6) shows that the bigger the m is, the smaller the SOC
error (esoc = SOCin — SOC or egoc = SOC — SOC j1ax) Will
be. However, the bigger values of m lead to abrupt disconnection
of the BESS, thereby higher ROCOF. Also, extremely large
values of m can lead to violation of the stability criteria, which
we derived in [29] based on Popov/circle criterion as follows:

T 2
0<m< 220 %)
« a1b0
where
D 1 N 1
an =
O 9HTsTe " 2HRTTe | 2HRETETG

1 1 1 D /1 1
= T, T HR,T, | 2HRGTs | 2H (TB - TG>
D 1
" 2HTa - 2HR:T:'

bo

It is clear from (7) that a large « leads to a small slope m, and
from (7), a large o corresponds to a small Fy,a«. This means that
for a low-capacity BESS, a small slope m should be selected.

III. SFC OF POWER SYSTEMS BY CONSIDERING THE SOC

Fig. 3 depicts addition of SFC loop to the SOC-aware PFC.
The secondary frequency controller is an integral controller
that takes frequency variation (Af) as the input and outputs
a reference power variation (APgef ) for SG units. As already
mentioned, the time scale of PFC is to the extent of a few
seconds, whereas SFC is applied after a few minutes. This is
modeled by a switch that is closed at ¢ = tgr. The SFC loop
is closed to the system through communication links after PFC
loop is closed. The time that SFC loop is closed depends on how
close the frequency deviation is to the acceptable margin. SFC
loop remains in the control system until the frequency offset is
eliminated and frequency is brought back to the rated value.
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Fig. 3. SOC-aware secondary frequency control.

A. Steady-State Analysis

Following the same approach we proposed in [29], the state-
space model of the system with the secondary frequency con-
troller in the loop is derived as follows:

d 1 1

D 1
SAf=—ZAf4+ —APs+ —APg— —AP
a = gt TagAtet g Als — oAl

(8)
d 1 1 1
SAPy=—— Af— — APy — —APe
a=— ¢ ToRG ! To ¢ T ¢ ©)
d 1 1 1
ZAPg = — Af — —APg+ —AP, 10
Als ToRn f T, 08 + T, A ece (10)

%ASOC — _aAPy (11)

d ref

AP = KAf (12)

dt

Using the equilibrium definition dx/dt = 0 for each of the
state variables in (8)—(12), leads toA f = APg = 0. This shows
that the steady-state error of the frequency response is now elim-
inated, and the BESS does not supply power in the steady state
and the load is met by the generator (A P = A Pp). Moreover,
SOC = SOCyin, which proves that the SOC steady-state error
is eliminated.

B. Secondary Frequency Controller Design

For tuning the secondary frequency controller parameter (/)
in conventional LFC of power systems, it is customary to neglect
the time constants, i.e., Tz = T = 0, and then to design the
critical controller parameter (K7..;;) based on the critically
damped response of the system [30]. This approach leads to
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Fig.4. Root-loci of the reduced-order SOC-aware LFC and conventional LFC
without BESS.

the following equation for K .,;;:

1 1 1)?

Kierit = 8H(D+ Re + RB) .

However, (13) leads to an incorrect value for K ..;; when

the SOC is considered in the system dynamics. This is because

the PCC affects the performance of the secondary frequency

controller. It is noteworthy that once the PCC has taken effect, it

means that the BESS output power has reached zero. Therefore,

itis reasonable to neglect the BESS dynamics in the LFC model.

This reduces the model to the conventional LFC model without
BESS. Thus, (13) will reduce to

1 1\?
K crit = 517 D - .
I crit 8H< +RG)

To evaluate the impact of system model simplification and
accuracy of (14), the root-locus of the proposed SOC-aware
LEFC system is compared to that of the conventional LFC system
without the BESS model. Residualization method is used to
reduce the order of the proposed system as it is of order of five,
whereas the order of the conventional LFC system is three. In
this method, the time derivative of the state variables that are sup-
posed to be eliminated are set to zero. For the proposed system,
we consider the equilibrium state dAPg /dt = dAPg /dt = 0.
Using (8), (11), and (12) the following system matrix for the
reduced order system is obtained

—1 1 1 m -1
ﬁ(DJFEJFE) 3 oh
(07

0 —am

(13)

(14)

A= 5)

Rs
Kr 0 0

Fig. 4 depicts the root-loci of the conventional LFC system
and the proposed SOC-aware LFC with large values of m, (m >
4 Jov). Tt is safe to conclude that the reduced-order model is a good
approximation of the conventional LFC system.

Therefore, it is correct to use (14) to calculate K;.,;; once
m is large enough. For smaller values of m, (14) can be used
as an acceptable estimate of K .,.;; and its exact value can be
calculated based on the gains of the breaking points of the root
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locus as follows:

d
Kicrie = such that d—KI erit = 0. (16)
s

L
G(Sb) ’
C. Secondary Charge Controller

For enabling the BESS to continue contributing to PFC after it
is discharged beyond SOC,y;,, an SCC is designed to be activated
during times when there is surplus of power. Fig. 5 shows the
block diagram of the proposed SCC, and Fig. 6 demonstrates the
hierarchy of the proposed SOC and frequency control scheme.
Fig. 7 depicts the proposed frequency and SOC control. As it
can be concluded from Fig. 6, ts¢ in Fig. 7 is larger than tgp
since SCC is activated after the SFC. Similar to PCC, SCC is a
piecewise linear controller, which modifies the battery reference
power as following:

APsce
_ [n(S0C —SOChax) SOCuiy < SOC < SOCas 1
0 Otherwise :

This piecewise linear controller, as shown in Fig. 5, is inte-
grated into the proposed SOC-aware frequency control model
to complete the hierarchical scheme, as shown in Fig. 7. Dis-
cussions about determining the slope n of the linear part are
provided in the following section.

The state-space model of the system with SCC is the same as
those given in (8)—(12) except for (10), where A Pscc /T will
be an additional term. It is worth mentioning that once SCC is
activated, which is when SOC lies between SOC i, and SOC .y,
the PCC will not be active, and APpcc will be zero. Thus,
the steady-state values of the state variables are achieved using
dx /dt = 0 for each of the states A f, APg, APg, ASOC, and
APgef. These require that Af = APg = 0, APg = APp,and
SOC = SOC . The first equation shows that the steady-state
error of the frequency response is eliminated, and the BESS
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does not supply power in the steady state. The second equation
shows that the load is met by the generator, and the third equation
proves that the SOC reaches its maximum value, meaning that
the BESS could be appropriately charged.

D. Stability Analysis

System stability is analyzed using the Popov/circle criterion.
As already mentioned, the PCC is not present once the SCC
is activated, and thus, its dynamics are not considered in this
analysis. For using Popov/circle criterion, the nonlinear element
APscc = f(ASOC) must be surrounded by two lines passing
through the origin with positive slopes. This implies that the
nonlinear element must pass through the origin [31]. However,
the SCC does not meet this condition and the equilibrium of the
system does not lie at the origin. Thus, the equilibrium of the
system is shifted to the origin by defining

z = SOC — SOCpax = ASOC — (SOCpax — SOC*)  (18)
and substituting it in (17), which yields
0 z < SOCin — SOCax
APscc = ¢ nz SOCpin — SOChax < 2 <0 (19)

0 z> 0.

To use the Popov criterion, the system must be modeled with
a transfer function and the nonlinear element in a closed-loop
system, as shown in Fig. 8. This transfer function, which must
be Hurwitz and finite dimensional [32], [33], is obtained by
calculating the state-space matrices A, B, and C' from the system
dynamics with —A Pscc as the input and z as the output (as
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shown in Fig. 8)
(—a/Tg)(s3 + bas? + bys + bg)

Gls) = 5 + ayst + assd +ags? +ars (20)
Here are the parameters of (20)
A A U .
2HTe HToRe °0H " Tg
K;
N S HTATs
D 1 1 Ky
= S HTeT, | 2HRaTeTs | 2HRaTaTs | 2HT.
1 D D 1 1
%= SHRaTs | 2HTe | 2HTs | 2HRpTs | ToTs
D 1 1
a4 = ﬁ + Tic + E

Recalling the Popov criterion, if G(s) is Hurwitz and sat-
isfies the condition (21), the closed-loop system is absolutely
stable, meaning that the origin is asymptotically stable for all
nonlinearities existing in the first and third quarter of coordinate
so that they pass through the origin. It is worth noting that
the transformation (18) leads the proposed nonlinearity to lie
between the slopes zero and ¢, as shown in Fig. 9(a)

é + Re[G(jw)] — ywIm[G(jw)] > 0. (21)

Here, 1/v is the slope of the Popov line, and —1/¢ is the
intersection of the Popov plot with the real axis. Considering
the slope of the Popov line to be infinity, i.e., 7 = 0 leads to the
circle criterion as follows [32]:

1

Re|G(jw)] > s (22)

As the system transfer function G(s) in (20) has a pole at the
origin and a negative gain, its Nyquist starts from —37 /2 and
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ends at the origin, as shown in Fig. 9(b). As aresult, it is obvious
that solving dRe[G(jw)] /dw= 0 gives the answer w*= 0 rad/s.
Thus, using w* in (22) leads to the following stability region for
n:
K
CY(K[TB + 1/Rc') ’

It is clear from (23) that a large « leads to a small n, and from
(7), alarge « corresponds to a small Fy,.x. This means that for a
low-capacity BESS, a small n should be selected, similar to m.

The stability region obtained for n in (23) needs to be further
refined to count for the maximum allowable frequency deviation
(A f] max)- Once the BESS enters charging mode and acts as an
active load, the frequency drops, leading to activation of the
PFC. Then, the SFC is activated, and the frequency response
error is derived to zero. It is reasonable to obtain the frequency
drop based on (5), where the load power A Py, will be the power
injected to the battery for charging [given in (17)]. Neglecting
the PFC transient effect on the BESS output power in charging
mode of operation, and keeping in mind that the battery SOC is
atits minimum level when it enters charging mode, the following
can be written:

0<n< (23)

APL n(SOCmin - SOCmax)
Af ~— ~
D +1/Rg D +1/Re
- |Af|max(-D + 1/RG) (24)

|ISOCmin — SOC x|

Knowing the maximum allowable frequency deviation, which
is usually around 0.5 Hz, the lower and upper bounds of SOC,
damping factor and generator droop coefficient, the value for
parameter n can be obtained.

IV. FREQUENCY AND SOC CONTROL OF A POWER SYSTEM
WITH MULTIPLE BESSS

With multiple BESSs, each energy storage unit can be
equipped with a PCC and an SCC, and power is shared among
them in inverse proportion to their droop gain. In this case, the
BESSs SOCs are at different levels and each charge controller
functions corresponding with maintaining the SOC within the
desired limits. However, if the energy storage units could share
their SOC value with each other, SOC-balancing principle [23],
[26] could be followed and all the units SOC values would be
derived to be equal with each other (SOC; = SOCy = ... =
SOC,,,.) in the steady state. In this case, it will be required to
equip only one of the units with a PCC and an SCC since other
units SOCs will converge to the same amount in the steady state.

For realizing SOC balancing, the mean of the SOC values is
calculated and compared with individual BESS SOC values to
obtain the error. Each SOC error is then fed to a proportional-
integral (PI) controller to produce the BESS reference modifier
that derives SOC to the mean value

1 TUBESS
SOCmean = E SOC; (25)
MBESS

APsoc, = K39 (SOChean — SOC;)

+ K309 / (SOCinean — SOC;).  (26)



AFSHAR et al.: HIERARCHICAL FREQUENCY AND SOC CONTROL OF POWER GRIDS

Af [T >
Ry >

Virtual governor

Af T

Ry

Virtual governor

Fig. 10.  SOC-balancing strategy for a power system with two BESSs.

Here, nggss is the number of energy storage units, SOC; is
the SOC of the ith BESS, K IS:,OCZ' and K foci are parameters of
the SOC-balancing PI controller for the ith BESS, and A Psoc,
is the output of the SOC balancing controller, which modifies
the BESS reference power. Fig. 10 shows the proposed SOC
balancing strategy for a power system with two BESSs.

Guidelines for tuning the PI controllers’ parameters can be
obtained in [26]. For tuning the PCC and SCC parameters, its
reasonable to consider multiple BESSs as one BESS with an
equivalent time constant 7'z, and droop gain R p,_ as follows:

1 1 1
= + + ...+ 27)
RB"«‘I RBl RB? RB"BESS
TBESS
Tp,
Tp., = 4= (28)
TBESS

The equivalent droop gain in (27) is obtained using block-
diagram principles and approximation conditions in linear sys-
tems. With this model approximation, the guidelines for design-
ing PCC and SCC that are discussed in the previous section can
be used for tuning their parameters. As how multiple BESSs
share power, considering that the SOC-balancing scheme en-
forces similar SOC dynamics, i.e., dSOC; /dt = dSOC;/dt, (2)
and (11) lead to the following:

APBi _&_

APBj (67

Emaxi
Emaxj-

(29)

This shows that once SOC-balancing scheme is used, the
power-sharing among BESSs when the system is under PFC
and SCC will be based on their capacities, and not their re-
spective droop gains. As for power sharing between the SG and
the equivalent BESS, the droop gain of the equivalent BESS,
which is derived in (27), and the droop gain of the SG are the
determining factors.

7931

10 20 30 40 50
time (s)

Fig. 11. Increasing load profile.

0.1 Primary L
Frequency ! |
0 Control ! £ |

—n=0.004

‘
|

: - - n=0.005 1
; 1=0.006

! [Secondary | |--n=0.007 |
i Charge ——n=0.008
S
‘

Af (Hz)

—m=10 01} [\
o
sl
-0.2 !
3
0.3 {1,

48 80 5 156

Fig. 12.  Grid frequency variation.

V. MODEL VALIDATION

The proposed SOC-aware frequency control model in Fig. 7 is
simulated in MATLAB/SIMULINK to validate its correctness
and compatibility with the state-space equations. Simulations
are conducted with the following system parameters: H =
5s,D=08p.u.,Rg =0.05pu,Rp =004pu.,Tg=02s,
Tp =0.02s, Spase = 200 kW, Qmax = 250 Ah, vy9 =400V,
and Fy,x = 100 kW.h. The PCC, SFC, and SCC parameters are
varied to illustrate their impact on system performance.

A. Load Increase

Fig. 11 shows the load variation where three 0.05 p.u. step
changes are applied at ¢t = {0,5,10}s. As seen in Fig. 12,
at each load increase instance, the system frequency drops.
Figs. 13 and 14 depict the BESS and SG power, respectively.
It is noteworthy to mention that the BESS and SG share the
load power in proportion to the inverse of their droop gains [18].
Fig. 15 shows the SOC; SOC* is intentionally set to 20.15% to
be close to SOC i, = 20%, so the charge controller becomes
activated within the simulation time. This happens at around
t = 38 s when the PCC manipulates the BESS output power and
prevents its further depletion. However, there is a steady-state
error in the SOC value, which becomes smaller for larger values
of the slope m. This can be explained based on the steady-state
SOC relation in (6). Fig. 16 shows the PCC output, confirming
that the controller modifies the BESS output power when only
SOC iy is reached. It is seen that the bigger the m is, the faster
the controller will act, but this will be at the expense of a higher
ROCOF (see Fig. 12). As the BESS output power gradually
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decreases and the frequency drops, the SG ramps up its power
to supply the load (see Fig. 14). At tgr = 80 s, the SFC loop
is closed, restoring the frequency to its nominal value. It is
seen in Fig. 12 that the bigger the SFC parameter K7 is, the
faster the frequency will be restored, but this translates to a high
ROCOF. As seen in Fig. 16, the PCC output becomes zero once
the secondary frequency controller is activated. This implies
that the PCC is eventually deactivated once the SFC loop is
closed. At tsc = 150 s, the SCC is activated, and the BESS
enters charging mode, leading to frequency drops. But the SG
increases its output power to supply the required power.
AsseeninFig. 15, the bigger the n is, the faster SOC increases,
and more power is drawn by the BESS. Therefore, the SG needs
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to increase its output power faster, but this will be at the expense
of a higher frequency drop.

Simulations were carried out for a longer period to show that
after the SCC is activated, the SOC eventually reaches SOCiyax
(which is considered 80%), as can be seen in Fig. 17. The bigger
the n is, the faster the SOC reaches its maximum, and the power
the BESS draws is higher, as can be observed in Fig. 18. Once
SOC = SOC,xx, the BESS ceases drawing power from the SG
(see Fig. 18). As seen in Fig. 19, in the steady state, the SG
only supplies the load power which is 0.15 p.u. However, during
charging mode, it injects more power to the BESS as n increases.

B. Load Decrease

Assuming that SOC reaches SOC,.x = 80% from the previ-
ous load increase scenario, load demand is reduced following the
profile shown in Fig. 20. As shown in Figs. 21-24, at each load
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decrease instance, the grid frequency goes up due to a decrease in
the SG output power. The BESS output power also decreases and
becomes negative, meaning that the BESS enters charging mode,
leading to an increase in its SOC. This activates the PCC, which
derives the BESS power to zero as it aims at maintaining SOC at
SOC.x- Like the load increase scenario, the SOC steady-state
error is eliminated once the SFC loop is closed, and the frequency
settles at the rated value, with the BESS and SG power variations
settling at zero and the corresponding value for maintaining the
rated frequency, respectively.

C. Comparative Studies

Comparative studies are conducted against the method pro-
posed in [20], where the BESS is charged in the constant current
mode and once the lower/upper bounds of SOC are reached, the
d-axis reference current of the inverter is set to zero (where
here, equivalently the BESS reference power is set to zero) to
prevent BESS from discharging/charging beyond the allowable
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limits. As seen in Figs. 25 and 26, although the method in [20]
leads to zero SOC steady-state error, the abrupt cease of current
draw/injection from/to the BESS leads to larger frequency devi-
ations and ROCOF. This confirms the advantage of our proposed
method, where SOC is integrated into the system dynamics and
the LFC system is designed by taking SOC into consideration.

VI. HIL RESULTS

The BESS-SG system shown in Fig. 27 is modeled on a
HIL setup to verify real-time implementation feasibility of the
proposed hierarchical SOC and frequency control scheme. Only
the load increase scenario of the model validation section is
examined in HIL results to confirm the validity of simulation
results. The entire system, including the BESS, SG, loads,
and interfacing power electronic converters, are modeled on
an OP4510 real-time simulator using Simulink blocks with a
time step of 50 us, while the inverter control is implemented
on a TI TMS320F28335 DSP. The BESS block in Simulink is
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based on an aging model and considers different parameters,
such as ambient temperature, capacity and internal resistance at
end of life. It also provides BESS SOC, current, and voltage as
measurable signals.

The BESS inverter is controlled using the PQ strategy to
track the BESS reference power (determined through the pro-
posed method) and inject/absorb the desired power. The BESS
dc—dc converter controls the dc-link voltage at its reference set
point. Both converters switching frequency is set at 10 kHz.
The system parameters are like those used in model validation
with m = 10, n = 0.002, SOCpx = 80%, SOC* = 20.1% and
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Ve 7 =800 V. The BESS dc-link capacitor (Cyc), filter induc-
tance (Ly), and the line inductance (Liine) values are 1 mF and
0.6 mH, and 1 mH, respectively. The BESS voltage loop PI con-
troller parameters are K% = 0.85, K} = 10, the BESS current
loop PI controller parameters are K& = 0.01, K¢ = 10,and the
inverter current loop PI parameters are K% = 25, Kt = 500.

The SFCloopisclosedattgr = 30 s, and the SCC s activated
attgc = 60 s. The load profile is similar to Fig. 11. The results
of Figs. 28-31 confirm those obtained using the state-space
equations in the previous section. At each load increase instance,
the system frequency drops. Once the SOC reaches SOCy,i, =
20%, the PCC becomes activated and halts power draw from the
BESS, triggering the SG to ramp up its generation to supply the
load. When the SFC loop is closed, frequency is restored to its
nominal value.

After the SCC is activated, the BESS draws power from the
SG to be charged. Fig. 32 shows the dc-link voltage which drops
momentarily at each load increase instance due to discharge of
the dc-link capacitor; however, the dc—dc converter control loop
compensates for this drop by drawing current from the BESS
(see Fig. 33). As seen in Fig. 34, the battery voltage drop at load
increase instances is very negligible (~0.3 v). Once the PCC is
applied, the dc-link voltage increases due to the decrease in the
BESS power, and the BESS current decreases to zero, but the
BESS voltage increases as it ceases discharging. Once the SFC
loop is closed, the dc-link voltage slightly increases as the BESS
is charged by drawing current (see Fig. 33) to compensate for
the SOC error. Also, the BESS voltage increases slightly due to
this short charge period. After the SCC is activated, the BESS
starts drawing power to charge. Therefore, its current switches
direction and its voltage continues to increase.

SOC-balancing with two BESSs is validated with HIL studies,
as well. The BESS control strategy in Fig. 10 is used in the
BESS-SG system in Fig. 27. The load profile is based on Fig. 11.
The time constants of the BESSs are set to Tz, = 0.02 s and
T, = 0.08 s, and their droop gains are set to Rp, = 0.03 p.u.
and Rp, = 0.06 pu. The PCC, SFC, and SCC parameters are
set to m = 10, K7 = 20, and n = 0.002, respectively. The
SOC-balancing PI parameters are set as KISDOC1 = KISDOC2 =
K ?Ocl = K?OCQ = 3. The initial SOCs are intentionally set as
SOC; = 20.2% and SOC, = 20.1% to enforce activation of the
PCC, and also show the convergence of SOCs to a mean value
after starting off at different values.

To show the impact of the BESSs capacity on power sharing,
two cases are considered: in the first case, both the BESS
capacities are set to 100 kWh, and in the second case, they
are set to 100 kWh and 200 kWh. Fig. 35 depicts the BESSs
output powers for the first case. It is seen that both the BESSs
produce the same power after some oscillations despite having
different droop gains. However, for the second case, it is seen
in Fig. 36 that the BESSs produce power in proportion to their
capacities when the system is under PFC and SCC hierarchy
levels. This confirms what was derived in (29). Fig. 37 shows
the BESSs SOC under the SOC-balancing scheme. As there are
two BESSs in the system (npgss = 2), it can be assumed that one
BESS with an equivalent time constant and droop gain produces
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summation of the power levels in Figs. 35 or 36, and power is
shared between that equivalent BESS and the SG in proportion
to inverse of their respective droop gains. It is notable that the
grid frequency and SG output power are not affected by SOC
balancing and remain similar to those illustrated in Figs. 28 and

29, respectively.
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VII. CONCLUSION

A hierarchical SOC and frequency control scheme is proposed
for power systems with battery energy storage systems. The
proposed control scheme is based on the state-space model of
the system and is in closed form thanks to a relation derived
between the BESS SOC and power variation. On top of the
PFC, a PCC is designed and employed to prohibit BESS dis-
charge/charge beyond the minimum/maximum allowable SOC.
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A similar piecewise SCC is designed to be activated following
the secondary frequency controller to charge the BESS to its
maximum allowable SOC at off-peak load intervals. Selecting
the PCC and SCC parameters are based on the Popov/circle
stability criterion.

The proposed hierarchical SOC and frequency control is then
extended to a power system with multiple BESSs. It is shown
that by relying on communicating SOC values among the energy
storage units, the SOC-balancing strategy can be implemented,
and by equipping only one of the units with the proposed charge
controllers, SOC of all the other BESSs can be controlled by
simple PI controllers.

The validity of the model derived based on the system state-
space equations is confirmed through simulations. Those results
also show that larger values of the PCC, SFC, and SCC param-
eters provide faster frequency response, but at the expense of
a higher ROCOF. HIL simulation results, with one and multi-
ple BESSs, confirm real-time implementation feasibility of the
proposed control and its effectiveness in stable control of grid
frequency under different load and BESS SOC conditions.
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