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Abstract—This paper develops the frequency controller for a
battery energy storage system (BESS) to facilitate a smooth island
transition of a hydro-powered microgrid during an unplanned
grid outage. The proposed frequency controller uses a PI-based
droop structure. The analytical expression of the controller
parameter tuning is derived that accounts for the limitations
in the power response of a hydro generator and the desired
frequency performance criteria set by the microgrid operator.
The effectiveness of the frequency controller tuning was verified
in Simulink using phasor simulations. Results show that the
proposed PI-based droop outperforms the classical proportional
droop control in order to fulfil the frequency quality requirement
of the microgrid without over-dimensioning the size of the storage
capacity.

Index Terms—BESS, hydro turbine, coordination, industrial
microgrid, island transition, frequency control, frequency nadir.

I. INTRODUCTION

Commercial and industrial (C&I) facilities are critical loads
requiring high degree of reliability and resiliency [1]. Although
the grid operator is entitled to provide its consumers with N-
1 supply reliability, this is still not adequate for C&I facili-
ties, especially in areas subject to frequent extreme weather
conditions. Thus, most C&I facilities have their own local
backup gas or diesel generators to supply their critical loads
in case of grid outage. However, this generation type is not
environmentally friendly, and many C&I facilities have set
their own targets for reducing CO2 emissions. One solution
is to replace the backup generation with a battery energy
storage system (BESS). However, lengthy outage requires
large storage capacity, which becomes uneconomical for C&I
facility owners.

In Sweden, many C&I facilities are located close to a river
where hydro generators are installed. Paper and pulp factories
are sensitive to grid disturbances and may take several days
to recover from even brief interruption [2]. For instance, a
paper and pulp factory is supplied from the same substation
to which a hydro-power plant in a close-by river is connected.
Another example is the ongoing Ludvika microgrid project
in Sweden, where hydro generators will power the local
community if an outage occurs in the upstream grid [3].
For unplanned disconnections from the upstream grid, hydro
generators need the ability to quickly regulate their power
output and thus ensure continuous operation of a facility.
This allows them to maintain local frequencies and voltages
within acceptable limits. However, limitations exist in the
frequency support capability of a hydro turbine. First, the
maximum opening/closing speed of the wicket gate is limited,

especially when the upper reservoir water level is low [4].
This limits the ramp rate for fast frequency regulation. Second,
the penstock length increases the time delay for water to
reach its steady flow rate when opening/closing the wicket
gate. The delay caused by the penstock may further limit
the power response from a hydro turbine when it undergoes
a frequency disturbance, or even trigger oscillations in the
frequency response [5]. To shorten the effective penstock
length, a surge tank with a small water reservoir can be located
close to the turbine. However, unwanted oscillations between
the surge tank and upper reservoir may occur and bring about
slow frequency oscillations [6]. Third, when changing the
direction of the wicket gate position, the gears briefly lose
contact with each other, which may cause sustained frequency
oscillations known as the backlash problem. [7].

To overcome the foregoing limitations of hydro turbines,
fast-acting devices such as a BESS of limited storage capa-
bility can be deployed to assist the frequency regulation of a
microgrid [8]. In fact, many C&I facilities already have BESS
installed to provide temporary power supply before their own
backup generators cut in [1].

Fig. 1 summarises the available strategies for controlling
BESS in both grid-connected mode and island operation mode
[9]–[14]. The control strategies include the synchronization
method, active power and/or frequency controllers and reactive
power and/or voltage controllers. The common practice during
grid-connected mode is to have the BESS as standby with
active power control for synchronization and with reactive
power control. Once the loss of main is detected, the typical
approach is to switch to open-loop voltage control. Thus,
the smooth transition between the two operational modes
depends on both the speed of island detection and the control
strategies adopted for them. However, limited literature is
available on how to coordinate the control between hydro
generators and BESSs for grid frequency regulation. Reference
[15] proposes a high-pass filter based frequency controller for
the BESS to provide fast frequency support to a transmission
grid with reduced synchronous inertia. However, the high-
pass filter is not sufficient if the BESS is desired to provide
sustained frequency reserve, such as in microgrid applications.
Furthermore, the parameter turning of the high-pass filter
in [15] does not account for the desired system frequency
performance criteria. A dynamic virtual power plant design is
proposed in [16] that coordinates the control between hydro
and BESS to provide a frequency containment reserve (FCR)
to the grid. The frequency controller for the BESS is designed
to be a 4th-order system while assuming a perfect knowledge
of a simple hydro turbine model. The frequency controller may
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Fig. 1: Overview of synchronization, active power and frequency, reactive power and voltage control of BESS during grid-connected mode
and island-operation mode. Commonly used BESS control strategies are highlighted in bold. P controller refers to proportional controller, I
controller refers to integral controller and PI refers to both.

become even more complex if a more detailed turbine model
is used.

Thus, this paper aims to develop an efficient frequency
control strategy for BESS to facilitate the unplanned island
transition of a hydro-powered microgrid by accounting for the
limitations in the hydro turbines and the desired frequency
performance criteria of the microgrid. The main contributions
of the paper include:
• PI-based droop frequency control strategy for BESS,

accounting for the technical limitations of hydro power
plants in facilitating microgrid island transition and mi-
crogrid frequency performance criteria,

• Corresponding analytical expressions for tuning the PI-
based droop controller.

II. MICROGRID MODEL FOR ISLAND TRANSITION STUDIES

A. Electrical diagram of microgrid

Fig. 2 shows the electrical diagram of a medium-voltage
distribution system to be operated as a microgrid in the west
coast of Sweden. The paper and pulp factory is supplied from
a 140/11 kV substation, to which a hydro power plant is
also connected. To enable a smooth island transition of the
microgrid, a BESS is installed at the factory.

B. Hydro turbine with governor and exciter model

Fig. 3 shows a generic Francis hydro turbine model with
a governor used to provide FCR [17]. The automatic voltage

Fig. 2: Hydro-powered microgrid equipped with a BESS to facilitate
the smooth island transition of a paper and pulp facility.

controller (AVR) of the hydro generator is implemented as
a standard PI controller with a static exciter model typically
used in the Nordic 32 power system model [18]. As the paper
focuses on the frequency regulation, a detailed description of
the AVR and the exciter model will not be included, but can
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be found in [18].
Based on the frequency deviation signal, the governor sends

a reference position for the wicket gate opening. The actuator
regulates the guide vanes of the wicket gate. The vanes have
maximum/minimum opening positions corresponding to the
available reserve for up/down regulation. Moreover, a limit
is imposed on the maximum ramp rate of the vanes’ open-
ing/closing speed. The water dynamics through the penstock
are represented by a lead-lag compensator.

Fig. 3: Simplified model of a Francis hydro turbine and governor for
the provision of FCR.

Assuming that the actuator dynamic is much faster than
the governor control loop, i.e. ∆Y ≈ ∆Y ∗, the governor
model may be simplified as displayed in Fig. 4 (a). Such
a proportional-integral-based (PI-based) droop governor is
equivalent to the summation of a high-pass filter and a low-
pass filter as shown in Fig. 4 (b). The relationship of the
parameters for the two models is:

TG =
1 + RGKp,G

RGKi,G
, (1a)

Ktr,G =
Kp,G

1 + RGKp,G
, (1b)

Kss,G =
1

RG
. (1c)

For hydro turbines, typically Kp,G � 1
RG

(for stability
reasons), resulting in Ktr,G ≈ Kp,G � Kss,G according to
(1b) and (1c). The coordination between hydro and BESS
for frequency control provision is better interpreted using the
model in Fig. 4 (b), as will be demonstrated in Section III-C.
The open-loop transfer function of the output mechanical
power with respect to the input frequency deviation of the
hydro turbine is:

∆Pm,H

−∆fH
=

(
Ktr,G

TGs

TGs + 1
+ Kss,G

1

TGs + 1

)
(

1

Tys + 1

)(
−Tws + 1

0.5Tws + 1

)
,

(2)

where ∆fH = fH − f∗H.

C. Control of BESS

Fig. 5 shows the control diagram of the BESS, including
the frequency controller, the active power controller for syn-
chronization, the reactive power controller and the inner vector
current controller.

Fig. 4: Two equivalent models of hydro governor: (a) PI-based droop
and (b) high-pass filter plus low-pass filter.

Fig. 5: BESS control strategy used in this paper. The switching from
grid-connected mode (default) to island operation mode is indicated
by the arrows. R and L in the figure refer to the converter total
resistance and inductance, which includes the physical filter and
transformer in addition to virtual values.

1) Frequency controller: in contrast to the classical pro-
portional droop controller, this paper proposes a frequency
controller using a PI-based droop for the BESS. Fig 6 (a)
shows the structure of the PI-based droop controller, which is
similar to that of the hydro governor, except that the droop
feedback is subtracted from the integrator input only but not
from the input to the proportional gain. The BESS frequency
controller is also mathematically equivalent to the sum of a
high-pass filter and a low-pass filter, as presented in Fig. 6
(b), but with the following equivalent parameters:

Tfc =
1

RfcKi,fc
, (3a)

Ktr,fc = Kp,fc, (3b)

Kss,fc =
1

Rfc
. (3c)

One advantage of moving the droop feedback according to
Fig. 6 (a) as compared to Fig. 4 (a), is that the transient gain
in (3b) can also be larger than the steady state gain in (3c),
Ktr,fc > Kss,fc, which is desirable in the case of controlling
the BESS. The corresponding open-loop transfer function of
the output reference electrical power ∆P ∗B of the BESS with
respect to its frequency deviation is:

∆P ∗B
−∆fB

=

(
Ktr,fc

Tfcs

Tfcs + 1
+ Kss,fc

1

Tfcs + 1

)
, (4)

where ∆fB = fB − f∗B.
Hereby in this paper, the term ”governor” refers to the
frequency-control action executed by the hydro turbine while
the term ”frequency controller” is reserved for the BESS.
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Fig. 6: Two equivalent models of BESS frequency controller: (a) PI-
based droop and (b) high-pass filter plus low-pass filter.

2) Active power controller for synchronization: this paper
adopts the active power controller based method to generate
the synchronization angle of the BESS. Different controller
designs exist, either by emulating the swing equation of a syn-
chronous machine [14], [19] or directly using a PI controller
[11], [20]. A detailed comparison on different designs of the
active power controller for a grid-forming converter can be
found in [20]. This paper adopts the PI controller-based active
power controller as described in [20].

3) Current controller: a standard vector current controller
(VCC) is adopted to control and limit the converter current.
The detailed description of the VCC can be found in [21].

4) Reactive power and voltage control: in this paper, the
BESS uses reactive power controller during the grid-connected
mode, and switches to the voltage controller during the island
mode as shown in Fig. 5.

5) Island detection: a communication-based island detec-
tion is used by monitoring the breaker status of the grid in-
feed line. The communication usually uses Ethernet cable or
optical fiber and the communication delay is in the order of
a few milliseconds and has little impact on the controller
response [22]. A passive island detection method, e.g. based
on local frequency measurement, is typically used to handle
communication failure [23]. The impact of communication
failure will be discussed later.

III. PROPOSED BESS FREQUENCY CONTROLLER DESIGN
IN A HYDRO-POWERED MICROGRID

A. Criteria and scenarios for smooth island transition
The following two criteria are specified for the microgrid

to achieve a smooth island transition:
• maximum instantaneous frequency deviation (∆fmax).
• maximum steady state frequency deviation (∆fmax

ss ).
Steady state refers here to the period of time after the
frequency has stabilised and before the activation of the
secondary frequency reserve to restore the frequency to 50
Hz. The need for an additional BESS to ensure a smooth
island transition depends significantly on the characteristics
of the hydro turbine and its frequency regulation capability. If
the hydro is not equipped with governor, then only the BESS
controls the microgrid frequency during island transition. In
this case, the typical approach is to use a P controller (P-
based droop), as the response of the BESS is very fast. This
controller is straightforward and discussed extensively in the
literature [10]–[13], and thus will not be further explained. In
the following subsections, the scenario in which the hydro is
equipped with a governor will be further explored.

B. Steady-state power sharing between BESS and hydro

When the hydro is equipped with governor, it provides
steady-state frequency reserve according to its droop setting in
case of power imbalance during island transition. Two cases
are considered here, depending on whether the hydro has
sufficient reserve to cover the largest power imbalance.

1) BESS and hydro share steady-state reserve: in this case,
the steady-state frequency deviation when using both BESS
and hydro to provide droop-based frequency control is given
by [24],

∆fss =
−∆Pdm

1
RG

+ 1
Rfc

+ DL

, (5)

where ∆Pdm is the dimensioning disturbance and DL is
the load frequency dependence. The BESS should provide
additional reserve power in steady state if the hydro does not
have sufficient regulation strength ( 1

RG
) to meet the desired

∆fmax
ss , i.e.

1

RG
<
−∆Pdm

∆fmax
ss

−DL =

∣∣∣∣ ∆Pdm

∆fmax
ss

∣∣∣∣−DL (6)

where −∆Pdm/∆fmax
ss is positive since the disturbance and

the frequency deviation are always opposite in sign. The BESS
regulation strength ( 1

Rfc
) is obtained by (5) such that the

frequency deviation in steady state does not exceed ∆fmax
ss ,

i.e.

Kss,fc =
1

Rfc
=
−∆Pdm

∆fmax
ss

− 1

RG
−DL. (7)

One assumption made here is that DL <
∣∣∣ ∆Pdm

∆fmax
ss

∣∣∣. If DL ≥∣∣∣ ∆Pdm

∆fmax
ss

∣∣∣, then there is no need for the BESS to provide
frequency control, as the load frequency dependence can
maintain the frequency nadir within the limits.

2) Only hydro provides steady-state reserve: if the hydro
has sufficient regulation strength, i.e

1

RG
≥

∣∣∣∣ ∆Pdm

∆fmax
ss

∣∣∣∣−DL, (8)

there is no need for the BESS to provide steady-state reserve,
i.e. Kss,fc = 0. In this case, the frequency controller in Fig.
6 (b) is reduced to a high-pass filter with a transient gain of
Ktr,fc (HF-based).

C. Proposed dynamic power coordination

Due to the non-minimum phase response of the hydro
turbine and slow response of water penstock, the hydro has
poor dynamic performance when regulating frequency alone
in a microgrid. To fulfil the maximum allowed instantaneous
frequency deviation of the microgrid operation, a BESS is de-
ployed to assist the hydro generator in regulating the frequency
of the microgrid.
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1) Design of transient gain of BESS (Ktr,fc): the transient
gain of the BESS frequency controller is tuned such that,
with the hydro, they can maintain the frequency above the
minimum allowed frequency nadir during transients. Fig. 7
shows the bode diagram of hydro (solid blue curve) and BESS
(solid green curve) according to (2) and (4), respectively. The
dashed blue curve corresponds to the same transfer function
as in (2) but neglects the actuator and penstock dynamics. As
shown in the upper figure, the transient gain Ktr,G of the hydro
governor (dashed blue curve) is typically set to 1-10 p.u. [17].
However, as shown in the solid blue curve in the bottom figure,
during the transient response (frequency components above
1/TG rad/s), the delay introduced by the actuator and penstock
becomes dominant. Therefore, achieving the requirement of
limiting the maximum frequency deviation to ∆fmax while
taking into consideration the delays of the hydro turbine is
desired. To achieve this goal, the total transient gain of the
hydro and the BESS is designed according to

Ktr,tot ≥ −
∆Pdm + DL∆fmax

∆fmax
.

The total transient gain is obtained as the summation of (2)
and (4), where s → j∞, which gives Ktr,tot = Ktr,fc. This
design implies that the transient gain of the BESS frequency
controller is responsible for limiting the frequency nadir and
it should not be less than

Ktr,fc = −∆Pdm + DL∆fmax

∆fmax
. (9)

The transient gain is desired to be larger than or equal to
the steady steady gain, i.e. Ktr,fc ≥ Kss,fc. Unlike hydro
generators, there is no need to set BESS’ transient gain to be
less than its steady state gain because of the very fast power
response of the BESS. In case Ktr,fc = Kss,fc, the BESS
frequency controller reduces to a P-based droop according to
Fig. 6 (b).

2) Design of frequency controller time constant (Tfc): the
BESS frequency controller has a dynamic gain that changes
from Ktr,fc to Kss,fc following a disturbance (see Fig. 6 (b)).
The time that takes for the gain to change depends on Tfc. As
described in the previous subsection, the BESS has a transient
gain equal to or larger than its steady-state gain. In contrast,
hydro typically has a transient gain smaller than its steady-
state gain instead. A critical case for coordination between
hydro and BESS is when the BESS has a steady-state gain
much smaller than its transient gain (opposite to hydro). In
this case, tuning the BESS controller time constant to be
too small will cause a too fast reduction in its dynamic gain
from Ktr,fc to Kss,fc, which may result in lack of frequency
support to the microgrid. On the other hand, tuning the time
constant to be too large will result in an over dimension of
the storage capacity of the BESS. It is, thus, important to tune
the frequency controller time constant properly. The tuning of
the BESS frequency controller time constant is also divided
into two cases, depending on whether the hydro has sufficient
reserve to cover the largest power imbalance.

a) BESS and hydro share steady-state reserve ( 1
RG

<∣∣∣ ∆Pdm

∆fmax
ss

∣∣∣ − DL): according to (7) and (9) for the BESS
frequency controller, the break-even point at which Ktr,fc =
Kss,fc is when

1

RG
= |∆Pdm|

(
1

|∆fmax
ss |

− 1

|∆fmax|

)
. (10)
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Fig. 7: Bode magnitude plot (top) and bode phase plot (bottom) of
hydro and BESS according to the transfer functions given by (2) and
(4), respectively.

i) 1
RG
≤ |∆Pdm|

(
1

|∆fmax
ss | −

1
|∆fmax|

)
This case arises when the hydro provides a relatively small
amount of reserve in steady state, while the BESS provides a
relatively high amount of reserve in steady state. In this case,
the transient gain is set equal to the steady-state gain. Thus,
the controller reduces to a P-based droop and the time constant
Tfc is not needed.
ii) |∆Pdm|

(
1

|∆fmax
ss | −

1
|∆fmax|

)
< 1

RG
< | ∆Pdm

∆fmax
ss
| −DL

This case arises when hydro provides a relatively high amount
of reserve in steady state, while the BESS provides a relatively
small amount of reserve in steady state. In this case, since
the transient gain Ktr,fc is higher than the steady-state gain
Kss,fc, the tuning of the BESS’s time constant is crucial in
fulfilling the smooth island transition requirement. Since the
hydro governor bandwidth is at much lower frequency as
compared to penstock and actuator dynamics (see Fig. 7),
the dynamics of the subsequent ones may be neglected when
designing the BESS frequency controller time constant. Thus,
the hydro transfer function in (2) is simplified to:

∆Pm,H

−∆fH
≈ Ktr,G

TGs

TGs + 1
+ Kss,G

1

TGs + 1
. (11)

The resulting unit step responses of the open-loop transfer
function (11) for the hydro and (4) for the BESS are, respec-
tively:
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KG(t) = −∆KGe
− t

TG + Kss,G, (12a)

Kfc(t) = ∆Kfce
− t

Tfc + Kss,fc, (12b)

where ∆KG = Kss,G − Ktr,G and ∆Kfc = Ktr,fc − Kss,fc.
The minimum required frequency controller time constant to
achieve a smooth island transition is obtained by assuming
that the summation of the governor gain, given by (12a),
and frequency controller gain, given by (12b), should be
monotonically increasing, i.e:

d

dt
(Ktot(t)) ≥ 0, (13)

where Ktot(t) = Kfc(t) + KG(t). The total open-loop re-
sponse is expressed as the summation of (12a) and (12b), i.e:

Ktot(t) = ∆Kfce
− t

Tfc −∆KGe
− t

TG + Kss,tot, (14)

where Kss,tot = Kss,fc + Kss,G. The first-order Taylor series
expansion of (14) gives:

Ktot(t) ≈ Ktot(t = 0) +
dKtot(t)

dt
|

t=0
t

= ∆Kfc(1− 1

Tfc
t)−∆KG(1− 1

TG
t) + Kss,tot.

(15)

Applying the condition in (13) to (15), the minimum time
constant of the BESS frequency controller obtained is

Tfc =
∆Kfc

∆KG
TG =

Ktr,fc −Kss,fc

Kss,G −Ktr,G
TG. (16)

By substituting (1), (7) and (9) in (16), the time constant
becomes:

Tfc =

[
1−RG∆Pdm

(
1

∆fmax
− 1

∆fmax
ss

)]
(1 + RGKp,G)

2

RGKi,G
.

(17)
b) Only hydro provides steady-state power ( 1

RG
≥

| ∆Pdm

∆fmax
ss
|−DL): this case arises when hydro provides the total

reserve in steady state, whereas BESS provides no reserve in
steady state (Kss,fc = 0). By substituting (1) and (9) in (16),
the time constant becomes:

Tfc = −∆Pdm + DL∆fmax

∆fmax

(1 + RGKp,G)
2

Ki,G
. (18)

Fig. 8 summarises all the scenarios, plus the corresponding
tuning of the BESS frequency controller illustrated in this
section.

IV. MICROGRID CASE STUDY

A. Performance criteria, load and hydro parameters

Table I lists the performance criteria data described in
Section III-A, the load frequency dependence and the hydro
model parameters depicted in Fig. 3 and 4. HH refers to the
hydro inertia constant. The minimum allowed frequency nadir
is set to 49 Hz (∆fmax = −1 Hz) [2]. The base power is
chosen to be the rated active power (46.3 MW) of the hydro
generator.

TABLE I: Performance criteria, load and hydro parameters [17],
[25].

∆fmax -0.02 p.u. (-1 Hz) Kss,G 20 p.u. HH 3.8 s
∆fmax

ss -0.01 p.u. (-0.5 Hz) Ktr,G 0.95 p.u. Ty 0.2 s
DL 0 TG 63 s Tw 1.6 s

B. Steady-state power flow

Fig. 9 shows the time duration curve of the import power
from the upstream grid measured in 2018 at a resolution
of one hour. The import power exceeds 10.8 MWh/h for
5% of the year which is considered to be the dimensioning
disturbance. The local industrial load is assumed to operate
at its rated power with a unity power factor (fully compen-
sated), i.e. 33.1 MW, of which 22.3 MW is supplied by the
hydro. The hydro turbine has an active power capacity of
54.5MVA× 0.85 = 46.3MW, with a maximum up-regulation
reserve of 24 MW. With a governor droop of 5%, the hydro
will provide 9.3 MW of frequency reserve when the microgrid
frequency reaches 49.5 Hz in steady state. As DL =0, the
BESS needs to provide an additional 1.5 MW (10.8 MW -
9.3 MW) in order to limit the steady-state frequency to 49.5
Hz. Table II summarises the steady-state grid import power
PG, hydro power generation PH, BESS power generation PB

and microgrid load PL, before and after loss of the main grid.
A load of constant power type with no dependency on either
the voltage or the frequency is adopted. As both the hydro
and the factory are located very close to the substation, no
medium voltage cables are modelled.

TABLE II: Steady-state power flow before and after the loss of the
main grid.

Pre-disturbance Post-disturbance
Grid import PG (∆Pdm) 10.8 MW 0

Hydro PH 22.3 MW 31.6 MW
BESS PB 0 1.5 MW
Load PL 33.1 MW 33.1 MW

C. BESS frequency controller parameters

Fig. 10 (top) shows three different regions of steady-state
power sharing between the hydro and the BESS with respect
to different hydro governor droop settings. The three different
droop regions are denoted by the numericals 1,2 and 3 in
Fig. 8. As the hydro droop decreases, it covers larger share
of steady-state power as compared to the BESS. Fig. 10
(middle) shows the resulting steady-state frequency deviation
|∆fss|. The deviation in Region 3 is lower than the specified
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Fig. 8: Flow chart showing the different scenarios and the corresponding BESS frequency controller configuration and tuning.
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Fig. 9: Time duration curve showing the import active power from
the upstream grid over one calender year from 1-1-2018 to 31-12-
2018 measured using a resolution of one hour. This data is obtained
from local distribution system operator Vattenfall.

performance criteria of 0.5 Hz. This is because the hydro droop
setting (regulation strength) is very small (high), which limits
the steady-state frequency deviation to an even tighter value
than required. Fig. 10 (bottom) shows the corresponding three
BESS frequency controller parameters, consisting of time con-
stant Tfc, steady-state gain Kss,fc and transient gain Ktr,fc. For
the following dynamic simulation, the hydro governor droop
is set to 5% [17], [25], and the resulting BESS frequency-
controller tuning is Tfc = 27.6 s, Kss,fc = 3.3 p.u. and Ktr,fc =
11.7 p.u. The model is implemented in Matlab/Simulink using
phasor simulation.

V. SIMULATION RESULTS AND DISCUSSION

A. PI-based droop vs. P-based droop

Fig. 11 shows a comparison between the P-based and PI-
based droop control of the BESS frequency controller in
handling the frequency during transients. The upper sub-plot
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three different droop regions, 1, 2 and 3, are illustrate in Fig. 8. The
choice of tuning is illustrated with the green dotted line.

shows the hydro frequency, while the converter frequency is
omitted since it has a fast power control loop (5 Hz) and
synchronises rapidly with the hydro turbine frequency. The
second and the third sub-plots show the change in hydro
FCR (∆Pm,H) and the change in BESS frequency reserve
(FR) (∆P ∗B) respectively. The terms FCR and FR are used
to distinguish between the hydro and BESS frequency-based
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reserves. The grid is disconnected at t = 5 s while importing
10.8 MW (0.23 p.u.) of active power. Two different tunings
were used for the gain of the P-based control, according to
either the steady-state gain (3.3 p.u.) or transient gain (11.7
p.u.). The former case has a poor dynamic performance with
a frequency nadir of 47.3 Hz, while the latter case is capable
of fulfilling the smooth island transition requirement for the
frequency nadir of 49 Hz. However, the latter case requires
much greater power in steady state, with a corresponding
frequency of 49.6 Hz. This compares to 49.5 Hz in the former
case which, based on the requirement, is acceptable. On the
other hand, the PI-based droop is preferable to the P-based
droop, as it has an additional degree of freedom whereby
the transient and steady-state gains can be set independently.
Thus, the requirements for both the frequency nadir and the
steady-state frequency can be fulfilled using less energy. The
secondary frequency control is not implemented here, but after
the smooth transition, the hydro’s load-set point should be
changed to bring the frequency back to 50 Hz, releasing the
fast frequency reserve supplied by the BESS.
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Fig. 11: Impact analysis of BESS frequency controller configuration:
hydro frequency response (top), hydro FCR (middle) and BESS FR
(bottom).

B. Impact of controller time constant

Fig. 12 shows the impact of the BESS frequency controller
time constant tuning on the frequency response. The base
value of the controller time constant is 27.6 s (see Section
IV-C). With a shorter controller time constant of 5 s, the BESS
reduces its FR much quicker than the hydro can increase its
FCR. This leads to a poor frequency response with a frequency
nadir of 48.45 Hz (which is below the requirement of 49 Hz).
On the other hand, a longer controller time constant of 70 s
will lead to a longer decay time of BESS FR and, thus, more
energy consumption. Fig. 13 shows the gain plots of the hydro
and the BESS as defined by (2) and (4) respectively, as well
as the sum of the two gains. With a time constant of 5 s,
the total gain has a non-monotonic behaviour due to the sharp

reduction in BESS gain, which does not agree with the criteria
specified in (13).

0 25 50 75 100 125 150 175 200

48.5

49

49.5

50

F
re

q
u
en

cy
 (

H
z)

0 25 50 75 100 125 150 175 200

0

0.1

0.2

H
y

d
ro

 F
C

R
 (

p
.u

.)

T
fc

=5 s

T
fc

=27.6 s

T
fc

=70 s

0 25 50 75 100 125 150 175 200

Time (s)

0

0.1

0.2

B
E

S
S

 F
R

 (
p

.u
.)

Fig. 12: Impact analysis of BESS frequency controller time constant:
hydro frequency response (top), hydro FCR (middle) and BESS FR
(bottom).
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Fig. 13: Impact analysis of BESS frequency controller time constant:
hydro gain as given by (2) (top), BESS gain as given by (4) (middle)
and total gain of hydro and BESS (bottom).

C. Impact of performance criteria on frequency nadir

Fig. 14 shows the corresponding results when the perfor-
mance criteria of the minimum allowed frequency nadir is
reduced from 49 Hz to 48.5 Hz and to 48 Hz. As the minimum
allowed frequency nadir is reduced from 49 Hz to 48.5 Hz,
the hydro increases its FCR more quickly due to a larger
frequency error signal. This shortens the frequency support
duration of the BESS, allowing it to ramp down its power
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faster. Thus, less energy is required from the BESS. However,
by further reducing the minimum allowed frequency nadir to
48 Hz, the reduced energy requirement of the BESS is no
longer as significant. This is because the hydro has reached
its maximum ramp rate limit. The maximum active power
of the BESS is reduced slightly when relaxing the frequency
nadir requirements. This is because of the longer time to reach
the frequency nadir, which allows more time for the hydro to
increase its FCR.
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Fig. 14: Impact analysis of maximum allowed frequency deviation:
hydro frequency response (top), hydro FCR (middle) and BESS FR
(bottom).

VI. FURTHER DISCUSSION

A. Impact of hydro inertia

The coordinated frequency control strategy was also evalu-
ated for lower inertia constant values down to 2.5 s, reflecting
the inertia constant of a pelton turbine [26]. In case of reduced
synchronous inertia in the microgrid, the absolute value of the
initial rate-of-change-of-frequency (RoCoF) has increased but
then quickly reduces. This is because the P-controller of the
BESS injects power proportionally to the frequency deviation
with little time delay. As a consequence, the frequency nadir
remains more or less unchanged. In Sweden, there is no
RoCoF based protection for generators. However, if it is
desired to limit the initial RoCoF, a synthetic inertia can
be provided by adjusting the bandwidth of the active power
control loop [20].

B. Fall-back solution in case of communication failure

If the grid-tie breaker (breaker CB in Fig. 2) signal of
the microgrid should be lost, local measurement signals such
as frequency and/or voltage can be used as a backup for
island detection. Since the BESS is controlled as a PQ bus
before the island condition is detected, microgrid voltage
and frequency will start to deviate from their normal ranges.
One common passive island detection method is to use the
local frequency measurement [23]. If the threshold for the

frequency-based island detection method is set to 49 Hz, then
the frequency nadir may drop slightly below 49 Hz before the
BESS quickly ramps up its power to bring the frequency back
to its acceptable limit.

C. Risk of power oscillations

There is no significant power oscillations observed in the
cases analysed, even when the distance between the hydro
and the BESS is increased to 30 km. One reason is that the
power rating of the BESS is about 4.5 times smaller than the
hydro generator. Another reason is that the BESS is typically
designed to provide a large damping power [14]. However,
power oscillations may start to appear if the two power sources
of comparable sizes are connected through a long cable and
that the BESS is poorly tuned to provide little or no damping
as illustrated in [9]. This should definitely be avoided.

VII. CONCLUSIONS

This paper has developed a simple yet effective BESS
frequency controller to achieve a smooth island transition of a
hydro-powered microgrid. The proposed frequency controller
uses a PI-based droop. The parameter tuning of the BESS
frequency controller accounts for the limitations in the power
response of a hydro generator and the desired frequency
performance criteria set by the microgrid operator, without
over-dimensioning the size of the storage capacity. The storage
capacity depends on the time constant of the frequency con-
troller, whereas the power capacity depends on the maximum
import/export power of the microgrid. The storage capacity
can be further reduced if the frequency nadir requirement is
relaxed, provided the maximum ramp rate limit of the hydro
turbine is not reached.
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