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A B S T R A C T

The aim of this paper is to propose a coordinated control strategy between grid-forming converters equipped
with energy storage, and hydro generators to facilitate frequency support from the converters in future power
systems. In this way, it is possible to take advantage of the fast dynamic properties of the converter system, and
at the same time minimize the energy storage requirements associated with the converter system. The proposed
tuning criterion for the frequency controller of the grid-forming converter facilitates a natural coordination
between the converter system and hydro generators. The effectiveness of the proposed control strategy is
compared against the conventional droop-based approach available in the literature. Finally, the analytical
findings are validated using detailed time-domain simulation model in PSCAD.
1. Introduction

In line with the initiatives undertaken to reduce greenhouse-gas
emissions, the power system is witnessing a transition from fossil-fuel
based generation to renewable energy sources (RES), which are typi-
cally connected to the grid through voltage-source converters (VSCs)
[1]. However, the reduction of the rotating mass in the system brings
in a number of challenges associated to low-inertia systems [1]. This
includes the risk of high rate-of-change-of-frequency (RoCoF) leading
to fast and potentially large frequency deviations, which may trigger
undesirable events such as load-shedding and large-scale blackouts [2].
Hence, maintaining the grid frequency and RoCoF, which are the key
indicators of frequency quality, within an acceptable range is essential
for the stable operation of the power system [3].

Taking the case of the Nordic synchronous area, hydro generators
which are the main providers of the frequency containment reserve
(FCR), provide balancing actions following a momentary mismatch
between generation and demand. However, with a reduction of the
total system inertia in the future, the response time of the conventional
FCR may not be sufficient to maintain the frequency nadir following a
disturbance within the prescribed limit [4]. To account for this, grid-
connected converter systems are expected to contribute towards system
inertia and frequency support. Converter systems offer a great potential
to provide frequency support at much faster timescales as compared
to the conventional synchronous generator-based units. In particular,
grid-forming converters facilitate the provision of important ancillary
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services, such as the inertial response, and black-start capability owing
to its control structure [5]. Although the role of such converter systems
in improving the frequency quality of the future RES-dominated power
systems has been widely addressed in the literature [6–11], little effort
has been put to reduce the VSC’s energy storage requirements for
performing such regulations. This is a crucial aspect especially for
the converter systems with limited active-power injection capability,
such as a static compensator (STATCOM) integrated with an energy
storage (for e.g. a supercapacitor), participating in dynamic frequency
support [12,13]. Some case studies presented in the literature suggest
the use of adaptive control for grid-forming converters, aimed at reduc-
ing the needed energy storage [14]. However, online variation of the
control parameters of the converter is typically not recommended by
the system operators [15]. Keeping in mind that the future grid will
still include conventional generation, a valuable alternative to mini-
mize the converter’s energy storage requirements is to coordinate the
frequency support from synchronous generators with the one offered
by converter systems. However, to the best of our knowledge, works
on such coordination aspects are currently very limited and needs to
be addressed further [16–18].

The aim of this paper is to propose a coordinated control strategy
between grid-forming converters and hydro generators, in order to im-
prove the frequency quality in the power systems with high penetration
of RES, and at the same time reduce the energy storage requirements
of the converter system. This is achieved by providing fast support
vailable online 19 July 2022
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Fig. 1. Single-line diagram of investigated system together with main block-scheme of
the implemented grid-forming converter control.

from the converter system in comparison to the hydro generators in
the initial phase of the transient, thereby reducing the RoCoF and pre-
venting large frequency deviation, and gradually reducing it, in order to
allow the hydro generators to properly contribute to system’s frequency
regulation. Thanks to the proposed tuning criterion for the frequency
controller of grid-forming converters, this action takes place naturally.
The effectiveness of the proposed control strategy is validated in the
well-known Kundur’s four-machines/two-area system using detailed
time-domain simulations in PSCAD.

2. Structure of grid-forming converter control and problem formu-
lation

Several control strategies for the grid-forming converter can be
found in the literature [19–21]. One common feature for the majority
of the grid-forming converter control strategies is that the active-power
controller provides grid-synchronization for the converter system. The
virtual-admittance based control [20] is implemented here since it is
found to be more robust against system variations as compared to other
grid-forming converter control strategies [22]. In addition, it models
the grid-forming converter as a controllable-voltage source behind an
impedance which is one of the future requirements from the European
Network of Transmission System Operators for Electricity (ENTSO-
E) [5]. In the virtual-admittance based control, the outer active-power
controller calculates the phase-angle of the virtual back-electromotive
force (EMF) of the emulated virtual machine, while the ac-voltage con-
troller regulates the voltage at the point-of-common-coupling (PCC),
by calculating the magnitude of the virtual back-EMF. The virtual
admittance, which represents the total admittance between the PCC-
voltage and virtual back-EMF, calculates the reference values for the
inner-current controller. Finally, the inner-current controller calculates
the reference voltage for the modulation stage. For a fair comparison
of various case studies in consideration, an ideal-voltage source at the
DC side of the converter is assumed. Nevertheless, the impact of the
frequency controller of the grid-forming converter on the VSC’s energy
storage requirements is discussed later.

Fig. 1 shows the investigated system together with the block-scheme
of the implemented virtual-admittance based control. For the purpose
of simplicity, a one-bus system is considered here. As shown in the
figure, the system consists of a VSC ‘C1’ connected at the PCC through a
transformer ‘T2’, and a filter reactor of resistance, 𝑅f , and inductance,
f . The voltage at the PCC and at the converter’s terminal are denoted
y 𝑒g and 𝑒c, respectively; 𝑖f is the current flowing across the converter’s
ilter. A constant active-power load ‘L1’ is connected at the PCC. The
c-grid is represented by a synchronous generator ‘G1’ connected at the
CC through a transformer ‘T1’, and a grid impedance of resistance,
2

g, and inductance, 𝐿g. For the case study presented in this section,
Fig. 2. Block-scheme of the (a) hydro governor (b) active-power controller of the
grid-forming converter.

the synchronous generator ‘G2’ is kept disconnected. The rating of the
different system components, together with the operating point of the
two generation units are shown in the figure. A well-established hydro
governor model used for the Nordic 32 system is implemented for ‘G1’,
see Fig. 2(a) [23].

For a proper reference tracking, a proportional–integral (PI) based
active-power controller as the one proposed in [24] is used for the
VSC, and is shown in Fig. 2(b). In order to provide the desired virtual
inertia and damping, the proportional and integral gains (𝐾p,pc &𝐾i,pc,
respectively) are selected as [24]

𝐾i,pc =
𝜔N

2𝐻conv
;𝐾p,pc = 𝜁

√

2𝜔N𝑋v
𝐻conv

, (1)

where 𝜔N is the rated angular frequency of the system (expressed in
radians per second), 𝐻conv represents the virtual-inertia constant (ex-
pressed in seconds), 𝜁 is the damping ratio (in per-unit), and 𝑋v is the
virtual-inductive reactance (in per-unit) between the PCC-voltage and
virtual back-EMF. In order to improve the dynamic performance of the
active-power controller, an inner-feedback loop via an active-damping
term, 𝑅a =

𝐾i,pc𝑋v
𝐾p,pc

, is introduced [25].
In order to guarantee a stable operation of the power system, it

is essential that the instantaneous frequency is kept within the pre-
scribed limits. The limit for the frequency nadir is 49.0 Hz in the
Nordic synchronous area [3]. With a reduction of the total system
inertia in the future, it is expected that also RES (as well as dedicated
converter systems) will contribute to the frequency support. For this, a
frequency controller is added in cascade to the active-power controller
as shown in Fig. 2(b). It is constituted by a high-pass filter having cut-
off frequency, 𝛼hpf , and gain 𝐾g. The term 𝐹T represents a triggering
function that activates the frequency controller of the converter system
only when the grid frequency crosses the threshold indicated by the
Grid Code, and keeps it active until the system frequency has reached
a new steady-state value. This kind of structure provides a frequency
support from the converter system during transients only. As the main
focus here is on the grid-connected converter systems with limited
energy storage, the converter system is used here for FFR provision
only. However, if the size of the VSC’s energy storage is not a constraint,
both FFR and FCR can be provided by simply removing the high-pass
filter in the frequency controller, and selecting the proportional term
based on the desired frequency-droop characteristic of the converter
system.

By carefully selecting the parameters of the frequency controller
(as described later in Section 3), a natural coordination between the
grid-forming converter and hydro generator can be achieved, thereby
reducing both peak power and energy storage requirements of the
converter system. In order to demonstrate this, the response of the

system following a step increase of 5 MW in the load (corresponding to
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Fig. 3. Response of the system following a step increase in the load for four different
settings of the frequency controller: Case A (solid black), Case B (dashed magenta),
Case C (dotted blue), and Case D (dashed–dotted green).

pproximately 3% of the total system load) is shown in Fig. 3 for the
our case studies:

• Case A: High value of 𝐾g, and low value of 𝛼hpf : solid-black curves.

• Case B: High value of 𝐾g, and high value of 𝛼hpf : dashed-magenta
curves.

• Case C: Low value of 𝐾g, and low value of 𝛼hpf : dotted-blue
curves.

• Case D: Low value of 𝐾g, and high value of 𝛼hpf : dashed–dotted
green curves.

t can be seen from the figure that Case A leads to an injection of
igh active power from the converter for a long duration. Hence, a
elatively low frequency nadir is obtained as compared to the other
ases. However, in this case the energy storage requirements of the
onverter system are significantly higher as compared to the other
hree cases, as the additional active-power injection is applied for a
onger duration. This also results in a slower ramping of the mechanical
ower of the synchronous generator. Increasing 𝛼hpf (Case B) leads to
igh active-power injection from the converter for a short duration.
his reduces the energy storage requirements for the converter system
ignificantly. Although the frequency nadir in this case is within the
imit, the response of the system close to steady state is less damped
s compared to all the other cases. In addition, the increase in the
echanical power of the synchronous generator is still slow, and can

e improved further by reducing the value of 𝐾g (Cases C & D). A
aster increase in the mechanical power of the synchronous generator
ndicates a faster contribution from this unit to the system’s frequency
egulation. Reducing the value of 𝐾g also leads to a reduction in the
eak-power of the converter system, while still keeping the frequency
adir within the limit. A low value of 𝛼hpf in Case C provides frequency
upport from the converter system for a longer duration as compared to
oth Cases B & D. This results in a very-well damped frequency response
lose to steady-state at the cost of higher energy storage requirements
or the converter system.
3

Fig. 4. Impact of the permanent droop of the governor on frequency response of the
system following a step increase in the load for 𝑅 = 0.08 pu (dashed red), 0.04 pu
(dotted green), and 0.02 pu (solid blue).

The results from this study reveal that both converters and syn-
chronous generators in the system must work in harmony, to provide
the necessary frequency support to the system following an electrical
disturbance. This not only improves the frequency response of the
system, but also reduces the converter’s additional active-power re-
quirements for frequency support, both in terms of peak value and
duration. For this, a proper tuning criteria for the two parameters, 𝐾g
and 𝛼hpf , is proposed in the next section, which facilitates a natural
coordination between the grid-forming converters and the synchronous
generators in the system.

3. Modeling of system frequency dynamics and design of coordi-
nated control

In this section, the frequency dynamics of a system comprising of
only conventional synchronous generators are first modeled. The anal-
ysis performed using these models will serve as the basis for deriving
the tuning criterion for the frequency controller of the grid-forming
converter.

3.1. Frequency response model of system comprising of synchronous gener-
ators only

Once again the one-bus system shown in Fig. 1 is considered here;
however, in this case the VSC is disconnected and the synchronous
generator ‘G2’ having inertia constant, 𝐻g2 = 𝐻g1 = 3 s, and rated
power, 𝑆g2 = 𝑆g1 = 100 MVA, is connected at the PCC. In order to un-
derstand the frequency dynamics of the system, the angular frequency,
𝜔, and inertia constant, 𝐻coi, corresponding to the center-of-inertia of
the system are used for the analysis, and expressed as [26]

𝜔 =
𝜔g1𝐻g1𝑆g1 + 𝜔g2𝐻g2𝑆g2

𝐻g1𝑆g1 +𝐻g2𝑆g2
;𝐻coi =

𝐻g1𝑆g1 +𝐻g2𝑆g2

𝑆N
, (2)

where 𝜔g1 and 𝜔g2 represent the angular frequency of ‘G1’ and ‘G2’,
respectively. 𝑆N denotes the rated power of the system, and is expressed
as the sum of the rated power of the two generators. In order to keep
the analysis simple, the same governor model (see Fig. 2(a)) is used for
both generators. For obtaining a simplified expression for the transfer
function, 𝐺(𝑠), from the input electrical disturbance, 𝛥𝑃e(𝑠), to the
hange in the angular frequency of the system, 𝛥𝜔(𝑠), the time constant,
f , of the frequency-measurement filter in Fig. 2(a) is neglected, as
t has a negligible impact on the time-scale of interest for frequency
upport. Furthermore, since the value of the permanent droop 𝑅 is
ypically small, its impact during dynamic conditions can be neglected.
n order to validate this claim, Fig. 4 shows the frequency response of
he system, following a step increase of 5 MW in the load for three
ifferent values of 𝑅. It can be seen that varying 𝑅 has a very little
nfluence during the initial phase of the transient and on the frequency-
adir, but only affects the recovery of the system frequency and its
teady-state value.

Hence, the transfer function, 𝐺(𝑠), can be expressed as

(𝑠) =
𝛥𝜔(𝑠)

= −1 , (3)

𝛥𝑃e(𝑠) 2𝐻coi𝑠 +𝐷(𝑠)



Electric Power Systems Research 212 (2022) 108456A. Narula et al.

s
m

w

𝐷

s
c
a

r
t
d
c
c

3

i

a
a
r
c
t
(
o
t
i
t
t
i
f

b

3

s
r
s

Fig. 5. Impact of the integral gain of the governor on (a) frequency response of the
ystem following a unit-step disturbance (b) step response of 𝐷(𝑠); for 𝜏r,g2 = 2X (dashed
agenta), 3X (dotted red) of its initial value (solid blue).

here

(𝑠) =
(𝐾p,g1

𝑆g1
𝑆N

+𝐾p,g2
𝑆g2
𝑆N

)𝑠 + (𝐾i,g1
𝑆g1
𝑆N

+𝐾i,g2
𝑆g2
𝑆N

)

𝑠

.
(−𝜏w𝑠 + 1)
(0.5𝜏w𝑠 + 1)

1
(𝜏g𝑠 + 1)

.
(4)

The terms 𝜏w and 𝜏g represent the time constant of the penstock and
actuator, respectively. The proportional gain (also referred to as the
temporary-droop gain), 𝐾p,g1 and 𝐾p,g2, and integral gain, 𝐾i,g1 and
𝐾i,g2, of the two hydro governors are selected as [23]

𝐾p,gn =
1
𝑟gn

; 𝐾i,gn =
1

𝑟gn𝜏r,gn
; 𝑛 ∈ {1, 2}, (5)

where 𝑟gn and 𝜏r,gn denote the temporary droop and time constant of the
nth hydro governor, respectively. The values of 𝜏w and 𝜏g depend upon
the mechanical properties of the penstock and actuator, respectively,
whereas the value of 𝑟gn and 𝜏r,gn for hydro units are typically set in a
imilar range [23]. Some of the typical values of 𝑟gn, 𝜏r,gn, 𝜏w, and 𝜏g
an be found in [23]. In this paper, 𝑟gn = 0.8 pu, 𝜏r,gn = 5 s, 𝜏w = 1 s,
nd 𝜏g = 0.2 s are selected.

The impact of changing the system inertia, and the control pa-
ameters of one of the two governors, on the frequency response of
he system is investigated next. This is used as a starting point to
erive the parameters for the frequency controller of the grid-forming
onverter, when one of the conventional generators is replaced by a
onverter-interfaced generation unit.

.1.1. Influence of integral gain on frequency response
The influence of the integral gain on the frequency response is

nvestigated by varying the governor time-constant of ‘G2’, 𝜏r,g2, and
plotting the time-domain response, 𝛥𝜔(𝑡), using (3) and (4), for a unit-
step disturbance. Fig. 5(a) shows the frequency response of the system
for three different values of 𝜏r,g2. It can be seen that varying 𝜏r,g2 (or
lternatively 𝐾i,g2) has a very little influence on the frequency-nadir,
nd a significant impact on the recovery of the system frequency. The
ecovery is slowed down with a decrease in the value of 𝐾i,g2. This
an be understood by plotting the combined time-domain response of
he two governors, yD(t), following a unit step in the frequency, using
4). As seen in Fig. 5(b), varying 𝐾i,g2 has a negligible impact on the
utput of the two governors during the initial phase of the transient,
hus on the frequency nadir following an electrical disturbance. The
mpact of reducing 𝐾i,g2 is visible only during the later phase of the
ransient, in terms of a reduced integral action of the governor, leading
o a slow recovery of the system frequency. It shall be noted that the
nitial negative phase in the output of the hydro governor is resulting
4

rom the non-minimal phase behavior of the penstock.
Fig. 6. Impact of the effective temporary-droop gain on (a) frequency response of
the system following a unit-step disturbance (b) step response of 𝐷(𝑠); for 𝑟g2 = 0.5X
(dashed green), 2X (dotted red) of its initial value (solid blue).

Fig. 7. Impact of the system inertia on the frequency response following a unit-step
disturbance for 𝐻coi = 2.0X (dashed green), 0.5X (dotted red) of its initial value (solid
lue).

.1.2. Influence of temporary-droop gain on frequency response
The influence of the temporary-droop gain on the frequency re-

ponse is investigated by varying 𝑟g2. Fig. 6(a) shows the frequency
esponse of the system for three different values of 𝑟g2. It can be
een that varying 𝑟g2 has a significant impact on the frequency nadir,

speed of recovery, and damping. The frequency nadir improves when
decreasing 𝑟g2, or in other words increasing 𝐾p,g2. In addition, both the
speed of recovery and damping increase when decreasing 𝑟g2. This can
be explained by once again plotting yD(t). As it can be seen from (4)
and Fig. 6(b), increasing 𝐾p,g2 increases the effective temporary-droop
gain, 𝐾tr , defined as

𝐾tr = 𝐾p,g1
𝑆g1

𝑆N
+𝐾p,g2

𝑆g2

𝑆N
. (6)

This explains for the improvement in the frequency nadir and damping
when increasing 𝐾p,g2. In addition, it can be seen from (4) and (5),
as well as Fig. 6(b) that the integral action of the governor also
increases when decreasing 𝑟g2, leading to a faster recovery of the system
frequency.

3.1.3. Influence of system inertia on frequency response
Finally, the influence of the system inertia on the frequency re-

sponse is investigated by varying the inertia constant, 𝐻coi. Fig. 7
shows the frequency response of the system for three different values
of 𝐻coi. It can be seen that increasing the system inertia improves the
frequency nadir; however, as expected, it leads to a slower recovery
and a decreased damping.

3.2. Frequency response model of system comprising of a synchronous
generator and a grid-forming converter

The synchronous generator ‘G2’ is now disconnected, while the grid-
forming converter ‘C1’ is connected back at the PCC. In general, this
can be seen as the case when a non-environmental friendly generating

plant is replaced by RES. The hydro generators are still meant to be the
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Fig. 8. Frequency response of the system following a unit-step disturbance for Case A
(solid blue), Case B (dashed green), and Case C (dotted magenta).

main providers of FCR. As the main focus of this paper is on the tuning
criterion for the frequency controller of the grid-forming converter, the
inertia constant, 𝐻coi, is kept unchanged by emulating the same inertia
as that of ‘G2’ in the converter (𝐻conv = 3 s). In analogy to the analysis
carried out in the previous section, the transfer function, 𝐺′(𝑠), from
he input electrical disturbance, 𝛥𝑃e(𝑠), to the change in the angular
requency of the system, 𝛥𝜔(𝑠), can be written as

′(𝑠) =
𝛥𝜔(𝑠)
𝛥𝑃e(𝑠)

= −1
2𝐻coi𝑠 +𝐷′(𝑠)

, (7)

where

𝐷′(𝑠) =
(𝐾p,g1

𝑆g1
𝑆N

)𝑠 + (𝐾i,g1
𝑆g1
𝑆N

)

𝑠
(−𝜏w𝑠 + 1)
(0.5𝜏w𝑠 + 1)

1
(𝜏g𝑠 + 1)

+ 𝐹T

(𝐾g
𝑆c1
𝑆N

)𝑠

(𝑠 + 𝛼hpf )
.

(8)

From the analysis performed in the previous section, the frequency
nadir is greatly influenced by the system inertia, and the effective
temporary-droop gain. Since 𝐻coi is kept unchanged, to obtain a similar
or better performance in terms of the frequency nadir, the effective
gain, 𝐾 ′

tr , should be

𝐾 ′
tr = 𝐾g

𝑆c1
𝑆N

+𝐾p,g1
𝑆g1

𝑆N
≥ 𝐾tr . (9)

omparing (6) and (9), we can say that for this case, 𝐾g ≥ 𝐾p,g2
𝑆g2
𝑆c1

.
In addition, the removal of the frequency support from the converter
system should not be faster than the increment in the support from
the hydro generator, which is dictated by the integral gain of the
hydro governor (discussed later in Section 4). For this, the value of
𝛼hpf should be selected smaller than or equal to the integral gain of
‘G1’, i.e., 𝛼hpf ≤ 𝐾i,g1

𝑆g1
𝑆N

. The upper limit of 𝐾g depends on the power
rating of the converter and the capacity of the energy storage, whereas
the lower limit of 𝛼hpf depends on the capacity of the energy storage
only.

Fig. 8 shows the frequency response of the system following a
unit-step disturbance for the following three cases:

• Case A: Two synchronous generators in the system (base case):
solid-blue curve.

• Case B: One synchronous generator and one grid-forming con-
verter in the system with 𝐾g = 𝐾p,g2 and 𝛼hpf = 0.5𝐾i,g1:
dashed-green curve.

• Case C: One synchronous generator and one grid-forming con-
verter in the system with 𝐾g = 𝐾p,g2 and 𝛼hpf = 0. This is
equivalent to the conventional droop-based frequency controller:
5

dotted-magenta curve.
Fig. 9. Step response of 𝐷(𝑠) for Case A (solid blue), 𝐷′(𝑠) for Case B (dashed green)
and Case C (dotted magenta), step response of the frequency controller of converter
for Case B (green curve with round markers) and Case C (dashed–dotted magenta).

Fig. 10. Two-area system used to verify the proposed coordination between the
converter-interfaced generation units and hydro generators in the system.

It can be seen from Fig. 8 that in Case B the frequency nadir is very
close to that of the base case. However, both the speed of recovery and
damping are reduced. These phenomena can be explained by plotting
yD(t) for Case A and y ′D(t) for 𝐶𝑎𝑠𝑒 𝐵. It can be seen from Fig. 9
that 𝐾tr = 𝐾 ′

tr , which explains for a similar frequency nadir in the two
cases. It can also be seen from the dashed-green curve in Fig. 9 that
the integral action is reduced in Case B, which explains for the slower
recovery of the system frequency. Furthermore, it can be seen from the
green curve with round markers in Fig. 9 that the frequency support
from the converter decreases over time in Case B, leading to a reduced
damping. A decrease in the value of 𝛼hpf (Case C) will provide a better
damping and an increase in the speed of recovery, as can be visualized
from the dotted-magenta curve in Fig. 8. However, this is at the cost of
an increase in the energy storage requirements of the converter system
(dashed-magenta curve in Fig. 9).

The proposed tuning criterion for the frequency controller of grid-
connected converter systems can be generalized as follows: in order
to prevent a deterioration of the frequency nadir following a given
electrical disturbance, the gain 𝐾g of the high-pass filter should be at
least equal to the effective temporary-droop gain of the synchronous
generators being replaced. On the other hand, the cut-off frequency
of the high-pass filter, 𝛼hpf , should be at most equal to the effective
integral gain of the remaining synchronous generators in the network.
To keep an adequate safety margin, it is beneficial to take into account
the loss of the largest FCR providing unit in the system, while making
the calculations for 𝐾g and 𝛼hpf . This will be discussed further in the
next section.

4. Simulation results

As a proof of concept, the proposed design for the frequency con-
troller of grid-forming converter is tested in the well-known Kundur’s
four-machines/two-area system shown in Fig. 10, using detailed time-
domain simulation in PSCAD. The rating of the different system com-
ponents, and the operating point of the generators are kept the same
as in the original model [26]. However, the inertia constant of all the
four generators is selected as 3 s. The hydro-governor model shown
in Fig. 2(a) is used for all the synchronous generators. The system
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Fig. 11. Response of the system following the maximum dimensioning disturbance
for four different cases: base-case (solid blue); converter providing neither inertia
nor frequency support (dashed red), inertia support only (dotted black), inertia and
frequency support in coordination with other synchronous generators (dashed–dotted
green).

model with all four synchronous generators connected is selected as the
base-case scenario for comparison purpose. It is found that when a step-
increase of 113 MW (corresponding to approximately 4% of the total
system load) is applied to the load connected at Bus 7, the frequency
nadir of 49.0 Hz is obtained for the base-case scenario. Hence, this is
selected as the maximum dimensioning disturbance in the system.

The synchronous generator ‘G2’ is now replaced by a grid-forming
converter of similar ratings. Fig. 11 shows the frequency response of
the system, mechanical power input of ‘G1’, active power output of the
converter, and output of the converter’s frequency controller (referred
as FFR power in the figure), following the maximum dimensioning
disturbance in the system. It can be seen from Fig. 11 that providing
neither inertia nor frequency support from the converter leads to a
deterioration of the frequency nadir below the acceptable limit. Fur-
thermore, providing only inertia support from the converter improves
the frequency-nadir; however, it is still below the acceptable limit. On
the other hand, providing both inertia and frequency support from the
converter makes the frequency nadir in this case equal to that obtained
in the base-case scenario. Thanks to the proposed tuning criterion for
𝛼hpf , the rate of change of the mechanical power input to the syn-
chronous generator is not deteriorated by the presence of the converter.
It can also be seen from the plot of the converter power (dashed–
dotted green curve) that compared to the previous case (dotted-black
curve), the converter provides additional active-power support for a
longer duration. Therefore, the ramp-up time of the mechanical power
input to the hydro generators is sufficient to keep the frequency nadir
within permissible limits in this case. However, as expected from the
6

t

Fig. 12. Response of the system following the maximum dimensioning disturbance
and loss of the largest FCR providing unit for two different settings of the frequency
controller: according to (10) (dashed red), according to (11) (solid blue).

theoretical analysis, the recovery of the system frequency in this case
is slower than the base case. It shall be noted that in order to fulfill the
requirements for providing FFR service, the frequency support from the
converter starts when the system frequency drops below 49.5 Hz in this
case, and not directly at the beginning of the transient [27]. In order
to tune the frequency controller, the relations derived in the previous
section are used here. Accordingly, the values of 𝐾g and 𝛼hpf are

𝐾g = 𝐾p,g2
𝑆g2

𝑆c1
; 𝛼hpf =

𝐾i,g1𝑆g1 +𝐾i,g3𝑆g3 +𝐾i,g4𝑆g4

𝑆N
. (10)

As mentioned earlier, in order to keep an adequate safety mar-
gin, it is beneficial to take into account the loss of the largest FCR
providing unit in the system, while making the calculations for 𝐾g
and 𝛼hpf . The following case study is performed in support of this
statement. To simulate the loss of a FCR providing unit following the
maximum dimensioning disturbance in the system, the governor of the
synchronous generator ‘G1’ is now disconnected, and the tuning for
the frequency controller of grid-forming converter is kept unchanged.
The frequency response of the system, and output of the converter’s
frequency controller for this case are shown by the dashed-red curves
in Fig. 12. As expected, the frequency nadir in this case falls below
49.0 Hz. This is due to an injection of insufficient additional power
from the converter following the disturbance. To avoid this, the tuning
for the frequency controller of the grid-forming converter should be
modified as

𝐾g ≥
𝐾p,g1𝑆g1 +𝐾p,g2𝑆g2

𝑆c1
; 𝛼hpf ≤

𝐾i,g3𝑆g3 +𝐾i,g4𝑆g4

𝑆N
. (11)

he solid-blue curves in Fig. 12 show the frequency response, and
utput of the converter’s frequency controller, for the minimum and
aximum value of 𝐾g and 𝛼hpf , respectively, according to (11). As

xpected, the frequency-nadir in this case is at 49.0 Hz. This is due to an
ncrease in the value of 𝐾g, which results in an injection of higher active
ower from the converter in the beginning of the frequency support. It
an also be seen from the plot of FFR power (solid-blue curve) that
he converter now supports the system for a longer duration, due to a
ecrease in the value of 𝛼hpf . This in turn provides a relatively more
amped frequency response closer to steady state in this case.

In order to validate the effectiveness of the proposed tuning criteria
11) in other case scenarios as well, the governor of the synchronous
enerator ‘G1’ is re-connected and the maximum dimensioning distur-
ance is applied in the system. Fig. 13 shows the frequency response
f the system with two different settings of the frequency controller.
t can be seen from the solid-blue curve in Fig. 13 that with the
uning criteria for the frequency controller as in (11), the frequency
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Fig. 13. Frequency response of the system following the maximum dimensioning
disturbance for two different settings of the frequency controller: according to (10)
(dashed green), according to (11) (solid blue).

response is improved both in terms of its minimum instantaneous value
and damping. In addition, keeping an adequate safety margin while
tuning the frequency controller of grid-forming converter also helps in
dealing with the uncertainty of the grid topology, and connected FCR-
providing units in the power system. The case studies presented in this
section validate the effectiveness of the proposed tuning criterion for
the frequency controller of the grid-forming converter.

5. Conclusion

A coordinated control strategy between the grid-forming converters
and hydro generators is proposed in this paper to provide frequency
support in RES-dominated power systems. It utilizes the fast dynamic
properties of the converter system to keep the instantaneous frequency
following an electrical disturbance within the prescribed limits, without
deteriorating the performance of the remaining synchronous generators
in the system. This not only improves the frequency response of the
system, but also minimizes the energy storage requirements of the con-
verter system. It is shown that with the proposed tuning criterion for the
frequency controller of grid-forming converters, a natural coordination
is achieved between the two types of generation units. Finally, the
effectiveness of the proposed coordination is validated in the Kundur’s
four-machines/two-area system using detailed time-domain simulations
in PSCAD.
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