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Abstract: Decarbonization of power systems has put Renewable Energy Sources (RES) at the
forefront when it comes to electric power generation. The increasing shares of converter-connected
renewable generation cause a decrease of the rotational inertia of the Electric Power System (EPS),
and consequently deteriorate the system capability to withstand large load-generation imbalances.
Low-inertia systems are subjected to fast and large frequency changes in case of in-feed loss, where
the traditional primary frequency control is not sufficient to preserve the frequency stability and
to maintain the frequency above the critical value. One possible solution to this rising problem is
seen in Fast Frequency Response (FFR) provided by the High-Voltage Direct-Current (HVDC)-based
systems. This paper presents the adaptive FFR control of HVDC-based systems for frequency stability
enhancement in the low-inertia system. The EPS is considered as a “black box” and the HVDC
response is determined only using the locally measured frequency change. Sliding Mode Control
(SMC) of the Modular Multilevel Converter (MMC) was developed and demonstrated to provide
faster and more appropriate frequency response compared to the PI controller. The described adaptive
HVDC control considers the size of disturbance and the inertia of the power system, and it is verified
by simulations on the IEEE 39 bus test system implemented in MATLAB/Simulink for different
system configurations and different sizes of disturbance.

Keywords: frequency control; low-inertia power systems; HVDC-based power system; modular
multilevel converter

1. Introduction

With the rising penetration of converter-connected renewable generation and phasing-out of
coal generation plants that are directly connected to the power grid, the rotational inertia of the AC
Electrical Power System (EPS) is decreasing. The reduction of the rotational inertia in the power system
goes hand-in-hand with the decarbonization of the EPS. Rotational inertia is a key indicator of a power
system’s ability to withstand disturbances and determines how fast the system frequency will change
in the response to a disturbance. The maximum Rate of Change of Frequency (RoCoF) is inversely
proportional to the system inertia, and low-inertia systems are subjected to large frequency deviations
in the event of outages that can lead to further cascading outages. Frequency stability would become
an even more critical issue with the growing integration of solar and wind generation capacities that
do not contribute to system rotational inertia. Traditional frequency control is not sufficiently fast to
prevent frequency drop under permitted limits and Transmission System Operators (TSOs) are forced
to increase the system’s inertia or reduce the size of the single largest loss of in-feed.

Frequency stability is particularly endangered in EPSs that have a high share of converter-
connected renewables and have no AC interconnections with other EPSs. Those power systems do not
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have access to the synchronous inertia of the other power systems. Thus, they face rapid changes in
frequency and high values of RoCoF, even in situations when there is a relatively low penetration rate of
renewable generation. EirGrid (TSO for Ireland) and SONI (TSO for Northern Ireland) initiated a series
of studies designed to examine the technical challenges involved in achieving ambitious renewable
energy targets [1,2]. The studies found that it was necessary to limit the amount of nonsynchronous
generation units to 50% in order to maintain system security in the event of a disturbance, unless
RoCoF relays on wind farms and other generators were disabled or adapted [1]. The National Grid
(UK TSO) detected a decline in synchronous inertia and launched numerous investigations to tackle
this problem [3,4]. The high value of RoCoF has been identified as an immediate challenge since it
can cause cascading tripping of generators [3]. A clear example happened in August 2019, when the
UK power system experienced a big power cut as a result of outages of 2 generators while most of the
power consumption was fed by wind generation [5]. All these publications have identified frequency
stability as a rising problem in low-inertia systems.

In low-inertia systems, it takes less time for frequencies to reach a critical value after a disturbance
and it is necessary to consider a faster frequency control that will respond before the primary control.
It should be fast enough to prevent the frequency drop below the permitted limit. Most of the
systems that are particularly vulnerable due to low inertia in terms of frequency stability are poorly
connected to other systems or are connected via High-Voltage Direct-Current (HVDC) lines. The HVDC
lines—although they disconnect systems in terms of inertia sharing—have great capabilities in terms
of fast frequency regulation [6–9]. They can quickly change output active power and provide
a Fast Frequency Response (FFR) service, and also represent a cost-effective tool for sustaining
frequency stability [10,11]. The authors of [10] evaluated the potential economic benefits of utilizing
the Emergency Power Control functionality of HVDC lines for the provision of fast reserves as a
complement to traditional frequency control. Their findings suggest that the cost of security for Nordic
TSOs could be reduced by 70% if HVDC links are used for fast frequency support. The results from [11]
showed that frequency-response-reserves-sharing through a Voltage Source Converter (VSC)-based
HVDC link can greatly help the frequency stability of interconnection after the in-feed loss while
reducing the financial loss of disturbed interconnection during the event.

Droop control is a typical control scheme for HVDC-based frequency support that has been
proposed multiple times [12–15]. Although it is simple and can be easily implemented, it does not
effectively utilize the fast response capabilities of HVDC-based systems, since the output active
power increases gradually. An improved droop control strategy of HVDC interconnections based on
the slope control of the DC voltage and AC frequency was introduced in [16], but did not include
detailed modeling of grid components and generators that can influence the frequency response.
Results from [17] showed that droop frequency-based FFR from HVDC outperformed the control
method based on ramp power injections and frequency triggering activation for the Nordic power
system. However, results might be different if the authors consider RoCoF triggering activation,
as a frequency first time-derivative is a faster indicator of critical disturbance and potential frequency
collapse. In [18], a methodology for tuning a supervisory and frequency-response outer control loop of
a multiterminal HVDC grid was designed, but provides frequency support only during over-frequency
events that are less critical compared to under-frequency events in terms of frequency stability.

The HVDC-based power system incorporates power electronic converters used for conversion
between AC and DC power grids [19]. Power converters can be implemented as Line Commutated
Converters (LCCs) or Voltage Source Converters (VSCs). The two common versions of the VSC are
two-level converters and Modular Multilevel Converters (MMCs). Since MMCs offer high modularity
of applied controls and full scalability [20], we used them as a model in our work. Sliding mode control
is a known nonlinear controlling method used in the switching systems. It has been introduced as a
controlling method design for the MMC’s different inner and/or outer controlling loops. Reference [21]
provides an application of the discrete sliding mode controller for balancing capacitor voltages of
switching modules. In [22], the application of the sliding mode control for controlling of the active and
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reactive powers was demonstrated. Some works have discussed suppressing the MMC’s circulating
current [23].

This paper presents an adaptive control for fast frequency support for HVDC-based power systems
that considers the magnitude of disturbance and the system inertia. The proposed control consists
of two main stages. In the first stage, HVDC response is constant and triggered by locally measured
RoCoF as a disturbance indicator, and the size of the disturbance is estimated using the generator swing
equation and frequency response. In the second stage, the HVDC response is adapted to the estimated
size of disturbance, providing more adequate support to preserve frequency stability during emergency
conditions. HVDC is connected to an AC grid through an MMC inverter, which is controlled using
several inner and outer controlling loop controllers. Two power controlling methods are proposed:
one employing PI active and reactive power controller, and the other with an integral sliding mode
controller (ISMC) for the active and reactive power. The proposed frequency adaptive control is
implemented in MATLAB/Simulink and verified through simulations of the IEEE 39 bus test system.
The novelty of the proposed solution lies in the fact that even though the controller does not have
information about the power system and the disturbance, it effectively estimates and deploys sufficient
reserves to ensure system stability. The proposed method fully exploits the fast, dynamic capabilities
of HVDC converters (providing fast, almost instantaneous, step increase of output active power),
contrary to the grid-forming controls where the active power injection is gradually increasing [24–26].
This way, the presented method enhances the frequency stability as much as possible and it is the most
important advantage of the presented method over the grid-forming controls.

The paper is organized as follows. Theoretical foundation and mathematical model of the
proposed adaptive control is provided in Section 2. In Section 3, a description of the used MMC
topology including its modeling and controller designs is given. Section 4 briefly describes case studies
for validation of the proposed control method with simulation results followed by the discussion.
Finally, in Section 5, some closing remarks are given.

2. Adaptive FFR Control

The first step of FFR control for the HVDC system is the disturbance event detection. The RoCoF
is largest immediately after the disturbance and it can be used as a fast indicator of potentially
dangerous system conditions. RoCoF, as a first time derivative of frequency, has a predictive capability
and enables fast identification of frequency collapse. If the locally measured RoCoF value is above
the specified threshold level and the frequency is below the specified value, MMC would provide
frequency response. When the disturbance event is detected, the HVDC response in the first step is
constant and equal to a predefined value. The first step of HVDC response is determined by offline
analysis, based on an assessment of the configuration of the system and its inertia in a day-ahead
scheduling plan.

The maximum RoCoF value depends on the magnitude of disturbance and the rotational inertia
of the system. In low-inertia systems, even small disturbances (loss of in-feed) can cause high RoCoF
values, and the RoCoF-based fast frequency support can provide an unnecessarily large response to
prevent frequency collapse. This causes undesired costs and potential oscillatory issues and there is a
need for adaptive FFR control that considers the size of disturbance. The size of the disturbance is
estimated in the second stage of the control method using the classical swing equation:

d f
dt

=
fo

2HSb
(−kD ∆ f0 + ∆P), (1)

where f0 corresponds to the nominal frequency, H represents the inertia constant, and Sb is the
generation power in the system. Constant kD is the reciprocal value of the load damping coefficient
that models the sensitivity of load to frequency change and the disturbance ∆P is defined as the
difference between the total generation power and the total system load. The traditional primary
frequency response is neglected since it is usually activated within 5 to 10 s after the frequency



Energies 2020, 13, 6162 4 of 20

deviation is measured because the generators providing this service need time to ramp up and increase
their power output. The time interval of the interest for FFR is within 2 s after a disturbance.

The basic shape of frequency response before the HVDC response can be easily obtained from (1):

∆ f1(t) =
∆P
kD

(
1− exp

(
− kD f0t

2HSb

))
, (2)

while the frequency after the initial HVDC response ∆PHVDC changes according to

∆ f2(t) = ∆ f∗ +
∆P− ∆PHVDC − kD∆ f∗

kD

(
1− exp

(
− kD f0(t− t1)

2HSb

))
, (3)

where t1 is the moment of the initial HVDC response and ∆ f∗ corresponds to the frequency deviation
in the moment of initial HVDC response.

The difference between the two frequency values on time interval ∆t before the initial HVDC
response is

d∆ f1(t) = ∆ f1(t + ∆t)− ∆ f1(t) =
∆P
kD

(exp(−∆t)− 1) exp
(
− kD f0t

2HSb

)
; (4)

and after the HVDC response, it is

d∆ f2(t) = ∆ f2(t + ∆t)− ∆ f2(t) =
∆P− ∆PHVDC − kD∆ f∗

kD
(exp(−∆t)− 1) exp

(
− kD f0(t− t1)

2HSb

)
. (5)

Taking the assumption that load reduction due to self-regulation is not significant in relation to
the magnitude of the disturbance and the response of HVDC in the first step, the magnitude of the
disturbance can be approximately estimated. This assumption is justified because the change in load
is proportional to the deviation of the frequency that is relatively small shortly after the disturbance.
The size of the disturbance can be estimated using Equations (4) and (5):

∆P = ∆PHVDC
d∆ f1

d∆ f1 − d∆ f2
. (6)

In addition, primary controllers and the responses of other electronic devices are omitted which
introduces an error in the estimation of the disturbance size. The proposed control aims to roughly
estimate the disturbance size, fast but not that accurate. Therefore, using the simple relations and
neglecting the response of other devices is justified.

It should be noted that the first stage of the HVDC response ∆PHVDC should be ideally determined
by offline analysis, based on an assessment of the configuration of the system and its inertia in a
day-ahead scheduling plan. However, the power system is considered as a “black box”, and if there is
no such information, it can be arbitrarily adopted as it is done in the simulations. The value of the first
stage of HVDC response ∆PHVDC is not of much importance since it is used only for the estimation of
the disturbance size. The adaptive stage of the HVDC response would provide an adequate response
considering the disturbance size and system inertia. The instant when the first stage of HVDC response
is triggered can be adopted arbitrarily and does not affect the results of the estimated size of the
disturbance. In terms of the frequency stability, it should be as soon as possible. In simulations, the first
stage of HVDC response is triggered 0.5 s after the disturbance happens based on the assumption
that it takes around 200 ms to detect the disturbance and 300 ms to calculate the frequency slope.
The adopted assumptions are based on standards for measuring devices.

The second step of HVDC response ∆PHVDC2 is calculated based on the estimated size of
disturbance and initial RoCoF value that is inversely proportional to system inertia:

∆PHVDC2 = ∆P RoCoF(0). (7)
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In this way, the second step of HVDC response would be larger for the same size disturbance in
a low-inertia system than in the high-inertia system, which is more adequate in terms of frequency
stability. It should be emphasized that the aim of the proposed control actions is not to accurately assess
the size of the disturbance and adapt the HVDC response accordingly, but to provide a sufficiently
fast, adequate response so that the frequency remains within the predicted limits. The second step of
HVDC response eliminates the risk that the initial response would be too large/small which, in the
case of single-stage control, must certainly occur in the event of various outages in the system.

The starting moment of the second stage is chosen arbitrarily. It is should be as soon as possible
since the prior activation supports the frequency stability more effectively. It is taken that the first stage
of HVDC response is dispatched 0.5 s after the disturbance, and the second stage 0.5 s after the first
one. Considering that the measuring device will experience frequency spikes immediately after the
disturbance that can affect the punctuality of obtained frequency values, the calculation of the slope
of the frequency response is done on the time interval from 0.2 s to 0.5 s after the disturbance. It is
considered that 0.2 s after the disturbance/initial HVDC response frequency transients are negligible.
The duration of the second stage should be coordinated with the primary control and it is out of a
scope of this aliases.

It should be pointed out that the aim of the second stage of HVDC response is not to provide
the optimal response to the disturbance, but to provide a more adequate response compared to the
first stage considering the different sizes of disturbances and the system inertia. The power system is
considered as a “black box”, only the locally measured frequency change is acquirable, and therefore
the simplest correlation between the disturbance size and initial RoCoF value is assumed. Ideally,
the exact correlation should be carefully investigated based on system parameters. The coefficient
equal to 1 is subjectively chosen, and it is speculative. However, it gives acceptable results.

The proposed control is also efficient to limit the increase in frequency (loss of load), but due to
less criticality, it is not analyzed in detail in the paper.

A flow chart of the power system’s response algorithm is shown in Figure 1.

start

Outage detection

Passing control references
and HVDC response

Estimation of the size
of the disturbance (6)

Calculation of the
adapted value of the
HVDC response (7)

stop

Figure 1. Flow chart of the power system’s response algorithm. HVDC—High-Voltage Direct-Current.

3. MMC Modeling

In this work, an MMC represents an inverter that should answer to the AC grid requirements by
providing sufficient active power and by maintaining reactive power at a stable value. It consists of
3 legs with 2 arms each. The arm has N switching modules realized as a half-bridge type.



Energies 2020, 13, 6162 6 of 20

In Figure 2, one leg of the MMC is depicted, where superscript j ∈ {a, b, c}. vG
j is denotes AC

voltage; Lr and Rr are reactor inductance and resistance, respectively; and Rarm and Larm represent
equivalent arm resistance and inductance, respectively. The equivalent capacitance of one arm is
denoted as Carm = C

N , where C is a capacitance used in the submodule. It is assumed that the grid is
balanced, has a symmetric monopolar configuration, and the voltage at the HVDC side is equal vdc.

Figure 2. Modular Multilevel Converter (MMC) model.

To obtain results with as much complexity as possible, we considered a model that incorporates
3 harmonics in the simple manner. This MMC model was first presented in [27], and it provides a
linear steady-state solution. This model has been shown to be suitable for incorporation of the multiple
controlling loops one-by-one. The controlling loops’ implementations are summarized in [28]. In our
work, we have considered the complete MMC model from [27], which incorporates frequencies ω and
3ω for the ∆ components and dc and −2ω for Σ components.

Submodules are represented with their averaged equivalent, and thus, the following equations
for the voltage and current can be written for the upper and lower arms:

vU,L
Mj = mU,L

j vU,L
Cj , iU,L

Mj = mU,L
j iU,L

j , (8)
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where mU,L
j are the corresponding upper and lower arm insertion indices. The converter model

is developed by following the methodology reported in [27,28]. Using the Σ − ∆ nomenclature,
the variables in the upper and lower converter arms can be determined as

i∆
j = iUj − iL

j , iΣ
j =

iUj +iL
j

2 , (9a)

v∆
Cj =

vU
Cj−vL

Cj
2 , vΣ

Cj =
vU

Cj+vL
Cj

2 , (9b)

m∆
j = mU

j −mL
j , mΣ

j = mU
j + mL

j , (9c)

v∆
Mj =

−vU
Mj+vL

Mj
2 = −

m∆
j vΣ

Cj+mΣ
j v∆

Cj
2 , (9d)

vΣ
Mj =

vU
Mj+vL

Mj
2 =

mΣ
j vΣ

Cj+m∆
j v∆

Cj
2 . (9e)

From the previous equations, it is easy to determine output AC current as being i∆
j .

After transformation in dqz-frame, the MMC is described using differential equations:

~̇i∆
dq =

~v∆
Mdq − (ωLac

eq J2 + Rac
eq I2)~i

∆
dq −~vG

dq

Lac
eq

, (10a)

~̇iΣ
dq = −

~vΣ
Mdq + (Rarm I2 − 2ωLarm J2)~i

Σ
dq

Larm
, (10b)

i̇Σ
z =

vdc
2 Larm

−
vΣ

Mz + Rarm iΣ
z

Larm
, (10c)

~̇v∆
Cdq =

N
2C

~i
∆
Mdq −ω J2~v

∆
Cdq, (10d)

~̇v∆
CZdq = − N

8C
Ψ− 3ω J2~v

∆
CZdq, (10e)

~̇vΣ
Cdqz =

N
2C

~i
Σ
Mdqz + 2ωJ3~v

Σ
Cdqz, (10f)

where

~i
∆
Mdq = Pω(t)

(
P−1
−2ω(t) ~m

Σ
dqz ◦

P−1
ω (t)~i

∆
dqz

2
+ P−1

ω (t) ~m∆
dqz ◦ P−1

−2ω(t)~i
Σ
dqz

)
, (11a)

~i
Σ
Mdqz = P−2ω(t)

(
P−1
−2ω(t) ~m

Σ
dqz ◦ P−1

−2ω(t)~i
Σ
dqz + P−1

ω (t) ~m∆
dqz ◦ P−1

ω (t)
~i

∆
dqz

2

)
, (11b)

~v∆
Mdqz = −Pω

2
(t)
(

P−1
ω (t) ~m∆

dqz ◦ P−1
−2ω(t)~v

Σ
Cdqz + P−1

−2ω(t) ~m
Σ
dqz ◦ P−1

ω (t)~v∆
Cdqz

)
, (11c)

~vΣ
M =

P−2ω(t)
2

(
P−1

ω (t) ~m∆
dqz ◦ P−1

ω (t)~v∆
Cdqz + P−1

−2ω(t) ~m
Σ
dqz ◦ P−1

−2ω(t)~v
Σ
Cdqz

)
, (11d)

Ψ =

[
i∆
d mΣ

d + 2iΣ
d m∆

d + i∆
q mΣ

q + 2iΣ
q m∆

q + 4iΣ
z m∆

Zd
i∆
q mΣ

d + 2iΣ
d m∆

q − i∆
d mΣ

q − 2iΣ
q m∆

d + 4iΣ
z m∆

Zq

]
, (11e)

Pω0(t) denotes Park transformation at the angular frequency ω0, and P−1
ω0

(t) is the inverse Park
transformation at the same frequency. It should be noted that all vectors are time-dependent.
When translated to dqz-frame, AC side voltage is given as vG

d = Vm cos(θ) and vG
q = Vm sin(θ),

where Vm represents the amplitude and θ represents the phase shift.
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The model incorporates dqz-frames at the angular frequency −2ω components for the Σ variables
and components at the frequencies ω and 3ω for ∆ state variables, in accordance with [27]. The insertion

indices ~m =
[
~m∆

dq ~m∆
Zdq ~mΣ

dqz

]T
are obtained by using the following algebraic relation:

~m =
2

vdc

[
−~v∆

MdqZ,re f

~vΣ
Mdqz,re f

]
. (12)

This model appears to be suitable for both electromagnetic transient (EMT) and spectral simulation.
Furthermore, it can be incorporated into a power flow simulator with the generalization of inner
controlling loops [29]. One important fact is the model’s suitability to implement various controlling
methods [30].

In this work, the MMC operates as a grid forming converter and controls active and reactive
power. We have analyzed two different control approaches—linear PI controller and nonlinear
controller—using a combination of PI and sliding mode controllers, so called the integral sliding
mode controller.

3.1. Controller Implementations

We have implemented a couple of inner and outer controlling loops. Inner controlling loops are
depicted in Figure 3 and are all implemented as PI controllers. Inner controlling loops are controllers
for controlling output current, circulating current, and zero current, see Figure 3. Parameters for the
controllers from Figure 3a–c are obtained using pole-zero placement algorithm. The outer controlling
loop for the zero energy control is depicted in Figure 4.

(a) (b)

(c)

Figure 3. MMC’s inner PI controlling loops for (a) circulating current, (b) output current,
and (c) zero current.

In order to achieve stable zero current control reference, zero energy controller depicted in Figure 4
is used. It should be noted that the energy is calculated as

WΣ
z =

3Carm

2N

(
v∆

Cd
2
+ v∆

Cq
2
+ v∆

CZd
2
+ v∆

CZq
2
+ vΣ

Cd
2
+ vΣ

Cq
2
+ 2vΣ

Cz
2
)

, (13)
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the zero energy derivative is used to estimate reference for the current iΣ
z and, indirectly, to the great

distinct it influences voltage vΣ
Cz, which, in the case when the converter reaches its steady-state, has a

value vdc.

Figure 4. Energy controller.

3.2. Active and Reactive Power Controllers

Power control is suitable for the AC grid connected converters, since they have to provide
sufficient active power to ensure good operation of the power system. Since we have tested the
network identification algorithm and a response of an MMC to the load requirements, we have
ensured that the converter provides the desired active and reactive power reference. The PI active and
reactive power controller is depicted in Figure 5.

Figure 5. Active and reactive power PI controllers.

The active and reactive powers are given with the following formulas:

Pac =
3
2
(i∆

d vG
d + i∆

q vG
q ), (14a)

Qac =
3
2
(−i∆

d vG
q + i∆

q vG
d ). (14b)

3.3. Sliding Mode Control Design

Sliding mode controller is defined as an extension of the output current controller. Thus, instead
of using power controller from Figure 5 and output current controller from Figure 3b, the structure
relies on the sliding surface, which is defined as an extended output current controller from Figure 3b.
Namely, the integral sliding surface for the output current’s d or q component is defined as

S(i∆
d,q) = i∆

d,q,re f − i∆
d,q, (15)

and its time derivative as

Ṡ(i∆
d,q) = −i̇∆

d,q = −
√

U
√
|x∆

d,q| sgn(x∆
d,q)− 1.1U x∆

d,q, (16)
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with the positive constant U and where xd,q are the corresponding outputs of the output current
controller, defined as

~̇ξ∆
dq = ~i

∆
dq,re f −~idq, (17a)

~x∆
dq = K∆

i
~ξdq + K∆

p
~̇ξ∆

dq. (17b)

Taking into account Equation (10a), the reference voltage is calculated as

~v∆
Mdq = −Lac

eq~̇S(~i
∆
dq) + Rac

eq~i
∆
dq,re f + ωLac

eq J2
~i

∆
dq,re f +~vG

dq. (18)

ISMC is a well-known sliding mode control method, and thus, the stability proof is avoided in
the paper.

Output active power of HVDC in the case of ISMC and PI control when the reference value is set
to Pac = −100 MW is shown in Figure 6. It can be noticed that ISMC provides a faster response with
smaller overshoot compared to PI control when it takes more than 0.2 s for output active power to
reach reference value. Thus, application of ISMC is well justified.

Figure 6. Output active power of HVDC in the case of integral sliding mode controller (ISMC) and
PI control.

4. Simulations

Proposed HVDC control is validated by simulations on two configurations of the IEEE
39-bus power system (10-Machine New-England) modeled in MATLAB/Simulink for the original
10-synchronous machine IEEE 39-bus power system (see Figure 7a), and for an inertia-reduced
39-bus power system, it is created by replacing 3 synchronous generators with 3 wind power plants
(see Figure 7b). On bus 39, an MMC is connected whose parameters are given in Table 1. Additionally,
for the sliding mode controller parameter, U = 100.
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Table 1. MMC parameters.

N = 50 Carm = 10 mF Larm = 50 mH Rarm = 1.07 Ω Lr = 60 mH Rr = 0.535 Ω

vdc = 200 kV Vm = 345
√
(2) kV θ = 0

PIccc, PIzcc KΣ
i = 8500 KΣ

p = 19.93 PIocc K∆
i = 85 · 103 K∆

p = 117.93

PIWΣ
z

KWΣ
z

i = 400 KWΣ
z

p = 120 PIPac, PIQac KP,Q
i = 6.67 · 10−7 KP,Q

p = 3.33 · 10−4

Configuration I of the IEEE 39 bus test system from Figure 7a consists of ten generators represented
as a six-order state-space model for the synchronous machine and includes a prime mover and an IEEE
DC type 1 excitation system for automatic voltage regulation. Power plants have identical primary
frequency controllers and fast static exciters. The generator model includes a primary frequency
control with a static droop coefficient Rp = 5%. The load is represented as constant power and it
is independent on the frequency variations while the transmission lines are modeled as single PI
sections.The generator G1, connected to bus 39, represents the aggregation of a large number of
generators of the power system of New York that is interconnected with the New-England power
system and represented in detail. Therefore, the HVDC interconnection link is also connected to bus
39 as it connects two power systems.

Configuration II of the test system (Figure 7b) is made from Configuration I by replacing
3 synchronous generators (G5, G8, and G9) with 3 wind plants (WP1, WP2, and WP3).
The corresponding transformers are modified accordingly. The wind plants are modeled as aggregated
type-3 turbines and consist of DFIGs and averaged back-to-back converter models that preserve the
dynamics resulting from the interaction between the control system and the power system. Wind power
profiles are generated with 1 s resolution. More details of the two configurations of the IEEE 39 bus
test system can be found in [31,32].

Figure 7. Configurations of the IEEE 39-bus dynamic power system.

The proposed HVDC control is validated on two configurations (original and the reduced inertia)
of the IEEE 39 bus power system to demonstrate that the proposed control is not inertia-dependent
and that it can be used in high-inertia as well as in low-inertia scenarios. For both configurations, the
same two contingencies were tested to demonstrate that the proposed control is independent from
the size of the disturbance and that it can estimate the size of the disturbance and provide adequate
HVDC fast frequency response. The following simulations were conducted:

1. Configuration I—Big disturbance—the tripping of generator G6 that causes about 800 MW of
generation loss.
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2. Configuration II—Big disturbance—the tripping of generator G6 that causes about 800 MW of
generation loss.

3. Configuration I—Small disturbance—the tripping of generator G7 that causes about 450 MW of
generation loss.

4. Configuration II—Small disturbance—the tripping of generator G7 that causes about 450 MW of
generation loss.

For each simulation, three case scenarios were considered:

• No HVDC response (HVDC does not participate in frequency control).
• Nonadaptive (One-step) HVDC response (HVDC output active power is constant and

independent from the size of disturbance and the system inertia).
• Adaptive (Two-step) HVDC response (HVDC output active power is adapted to the size of

disturbance and the system inertia).

The initial output active power of the HVDC is 100 MW and it is activated when the RoCoF is
larger than a threshold value of 0.2 Hz/s and the frequency is below 49.8 Hz. It is taken that the first
stage of HVDC response is dispatched 0.5 s after the disturbance and the second stage 0.5 s after the
first one. The size of disturbance and adequate second step of HVDC response is calculated based on
the frequency measurements obtained by PLL at bus 39 where HVDC is connected. Considering that
the PLL will experience frequency spikes immediately after the disturbance that can affect punctuality
of obtained frequency values, the calculation of the slope of the frequency response is done on the time
interval from 0.2 s to 0.5 s after the disturbance. It is considered that 0.2 s after the disturbance/initial
HVDC response frequency transients are negligible. It is taken that the critical frequency is below
49.2 Hz when the load shedding would be triggered, but it is not implemented in simulations.

Output active power of the HVDC in three scenarios for Simulation 1 in the case of sliding mode
control and PI control is shown in Figure 8. Comparing the initial output active power of HVDC
in the case of sliding mode control and PI control, it can be noticed that the HVDC response in the
case of PI control is slower and takes more time to reach the specified reference value. This delay
affects the accuracy of the estimated size of disturbance and gives a smaller value of the adaptive
step of the HVDC response. The difference in output and reference value causes the miscalculation
and gives the adaptive step that is undervalued. Consequently, the frequency goes below 49.2 Hz
(Figure 9) and can trigger load shedding. In Figure 8, it is also visible that SMC-controlled MMC
provides smaller overshoot of the power than PI controlled. With a one-step HVDC response, the
output power is constant and has a value of 100 MW. In the case of adaptive control of HVDC, initial
output power is equal to 100 MW and the second step has a value of 205 MW in case of sliding mode
control; while with PI control, it is equal to 197 MW. The output power of the second step of HVDC
response is smaller than the size of the disturbance because the aim of the fast frequency support from
HVDC is not to establish power balance but to decelerate frequency decay and provide enough time
for primary frequency control to restore load-generation balance. The output reactive power of HVDC
is omitted on purpose since the HVDC barely feeds reactive power to the grid. This is because constant
reactive power is given as a reference (Qre f = 0) to the controller, and the active and reactive power
are controlled independently. Figure 9 represents the frequency measurements at bus 39, where the
HVDC link that is produced by PLL is connected.

Figure 10 shows the generators’ rotor speed after the tripping of generator G6 for configuration
I of the test system. As can be seen from the figure, the frequency nadir for a case where there is
no HVDC fast frequency response is significantly lower than the ones when HVDC provides a fast
frequency response. With no HVDC response, the frequency goes below 49.2 Hz and would trigger
undesirable load shedding in practice. Nonadaptive HVDC response enables better frequency nadir
but is insufficient to limit frequency drop below the specified limit, while the adaptive one manages to
keep the frequency above the specified minimum. In the case of one-step HVDC, control frequency
reached 48.97 Hz; and in the case of adaptive HVDC control, it reached 49.22 Hz and no load would
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be shed. This demonstrates the significant influence of the HVDC control on the transient frequency
response of the power systems after the loss of generation.

Figure 8. HVDC active power in Configuration I in case of big disturbance.

Figure 9. Frequency at bus 39 in Configuration I in case of big disturbance.

Figure 10. Generators’ rotor speed in Configuration I in case of big disturbance.
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The same contingency from Simulation 1 is tested for Configuration II of the test system, i.e., the
tripping of generator G6 that causes about 800 MW of generation loss (Simulation 2). The output active
power of the HVDC response in three scenarios for Simulation 2 in the case of sliding mode control
and PI control is shown in Figure 11. Figure 12 represents the frequency measurements at bus 39 where
the HVDC link that is produced by PLL is connected. With a one-step HVDC response, the output
active power is constant and has a value of 100 MW. In the case of adaptive control of HVDC, initial
output power is equal to 100 MW; while the second step has a value of 348 MW in the case of sliding
mode control and 334 MW in the case of PI control. The delay introduced by PI control results in
underestimation of the size of disturbance causing the smaller HVDC response, insufficient to maintain
the frequency above 49.2 Hz (Figure 12). The output power of the second step of HVDC response in a
low-inertia configuration is larger than the second step of HVDC response in high-inertia configuration
that confirms that adaptive control considers the inertia of the test system. Generators’ rotor speed
responses in Simulation 2 are presented in Figure 13. Configuration II is low-inertia configuration
and experience larger frequency decreasing velocity and magnitude compared to Configuration I for
the disturbance of the same size. These results were expected since the low-inertia systems are more
sensitive to disturbance. The frequency nadir for the case where there is no HVDC FFR response is
below the threshold value of load shedding and it is equal to 48.67 Hz. One-step HVDC response
provides a higher frequency nadir equal to 48.83 Hz, but it is below the threshold for load shedding.
The two-step HVDC response gives frequency nadir equal to 49.2 Hz and keeps the frequency within
safe boundaries. Simulation results confirm that the proposed HVDC control achieves adequate
frequency response within the set limits in systems with different inertia levels while trying not to
over-exploit the HVDC contribution. The adaptive step of HVDC response is proportional to the size
of the estimated disturbance and initial RoCoF that is higher in low-inertia configuration compared to
the same size disturbance in high-inertia configuration.

PI control introduces a delay that is neglected in the simple relations for adaptive control in
Section 2. It should be noted that the delays are small but they are important in the FFR since they
cause the error that results in insufficient response. ISMC allows better and faster HVDC response and
enables efficient control of the frequency without endangering the stability of the HVDC. Therefore,
ISMC is the only control implemented in Simulations 3 and 4.

Figure 11. HVDC active power in Configuration II in case of big disturbance.
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Figure 12. Frequency at bus 39 in Configuration II in case of big disturbance.

Figure 13. Generators’ rotor speed in Configuration II in case of big disturbance.

Generators’ rotor speed responses in the case of a small disturbance in the Configuration I of
the test system are shown on Figure 14. The frequency nadir for the case where there is no HVDC
FFR response is below the threshold value of load shedding and it is equal to 49.16 Hz. One-step
HVDC response provides a higher frequency nadir equal to 49.4 Hz, which is above the threshold for
load shedding. The two-step HVDC response gives lower frequency nadir compared to the one-step
HVDC response but keeps the frequency within safe boundaries. Comparing the rotor speed curves
for small disturbance in Configuration I (Simulation 3) with those for big disturbance in Configuration
I (Simulation 1), it can be noticed that smaller disturbance results in a slower frequency decay and a
higher frequency nadir which is expected. Figure 15 represents the frequency measurements at bus
39, where the HVDC link that is produced by PLL is connected. Output active power of the HVDC
response in three scenarios for Simulation 3 is shown in Figure 16. With a one-step HVDC response,
the output power is constant and has a value of 100 MW; while in the case of adaptive control of
HVDC, initial output power is equal to 100 MW and the second step has a value of 95 MW. The output
power of the second step of HVDC is smaller than the first one since the initial response is bigger than
needed and the frequency stability would not be endangered if the smaller amount of FFR reserve is
dispatched. This way, adaptive control of HVDC enables a more cost-efficient solution, releasing a
part of FFR reserve without compromising frequency stability. Comparing the ration of the output
power of the second step of HVDC response and the size of disturbance, it can be noticed that for the
same configuration and power system inertia, the ratio is larger for a larger disturbance. This is due
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to the fact that the adaptive step is proportional to the size of the estimated disturbance and initial
RoCoF value which is bigger in the case of bigger disturbance.

Figure 14. Generators’ rotor speed in Configuration I in case of small disturbance.

Figure 15. Frequency at bus 39 in Configuration I in case of small disturbance.

Figure 16. HVDC active power in Configuration I in case of small disturbance.
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The same contingency from Simulation 3 is tested for Configuration II of the test system, i.e., the
tripping of generator G7 that causes about 450 MW of generation loss (Simulation 4). Generators’
rotor speed responses in Simulation 4 are presented in Figure 17. Configuration II is low -inertia
configuration and experience larger frequency decreasing velocity and magnitude compared to
Configuration I for the disturbance of the same size. These results were expected since the low-inertia
systems are more sensitive to disturbance. The frequency nadir for the case where there is no HVDC
FFR response is below the threshold value of load shedding and is equal to 49 Hz. One-step HVDC
response provides a higher frequency nadir equal to 49.17 Hz, but is below the threshold for load
shedding. The two-step HVDC response gives frequency nadir equal to 49.24 Hz and keeps the
frequency within safe boundaries. Figure 18 represents the frequency measurements at bus 39, where
the HVDC link is connected that is produced by PLL. Output active power of the HVDC response in
three scenarios for the Simulation 2 is shown in Figure 19. With a one-step HVDC response, the output
active power is constant and has a value of 100 MW; while in the case of adaptive control of HVDC
initial output power is equal to 100 MW and the second step has a value of 151 MW. The output power
of the second step of HVDC response in low-inertia configuration is larger than the second step of
HVDC response in high-inertia configuration for the same disturbance that confirms that adaptive
control considers the inertia of the test system. The adaptive step of HVDC response is proportional
to the size of the estimated disturbance and initial RoCoF that is higher in low-inertia configuration
compared to the same size disturbance in high-inertia configuration.

Figure 17. Generators’ rotor speed in Configuration II in case of small disturbance.

Figure 18. Frequency at bus 39 in Configuration II in case of small disturbance.
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Figure 19. Frequency at bus 39 in Configuration II in case of small disturbance.

5. Conclusions

This paper proposes the adaptive control of the HVDC link for frequency stability enhancement
in low-inertia systems. HVDC links can provide fast frequency support, and therefore present a
valuable tool in a low-inertia system that is particularly sensitive to disturbance in terms of frequency
stability. The frequency change is fast, and the conventional primary frequency control is not fast
enough to preserve frequency above specified limits. The proposed HVDC control aims to maintain
frequency within safe limits and prevent load shedding. The proposed adaptive control consists
of two stages. The initial stage of the HVDC response is dispatched when the RoCoF value goes
above the specified threshold. The value of the RoCoF threshold should be selected carefully to detect
potentially dangerous disturbance. The second stage of the HVDC response is calculated based on
the change of frequency response after the initial HVDC response. The second stage of HVDC control
aims to estimate the size disturbance and provide an adequate response that will keep frequency
within safe boundaries. This way, the proposed control is independent of the size of disturbance and
the system inertia. PI control of MMC introduces a delay in HVDC response and creates an error
in the disturbance estimation, consequently leading to insufficient HVDC response in the second
step. Therefore, an integral sliding mode control of MMC that provides faster response is developed
and implemented in the simulations, which confirms that the proposed control strategy successfully
exploits the fast dynamics of HVDC converters and verifies the applicability of the proposed method.
The performance of the proposed adaptive controller is verified by simulations in MATLAB/Simulink
and tested for different sizes of disturbance and different inertias of the power system. Performed
simulations verify that the proposed adaptive control of HVDC manages to keep frequency above a
specified limit and provides better frequency response compared to one-step control. The results of
the simulations confirm that the proposed control provides a suitable response for different sizes of
disturbance and different values of system inertia. Future work would focus on the coordination of the
FFR with the traditional primary frequency control. The adaptive FFR control model could be extended
to enable a more adequate response taking into account primary controllers and the responses of other
electronic devices. In addition, the value of the RoCoF threshold will be carefully investigated so the
HVDC fast frequency response would not be triggered for a noncritical disturbance.
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