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Abstract—HVDC can provide frequency regulation during dis-
turbances (e.g., faults) by controlling the power flow between two
remote AC areas. While this action reduces the power deviation in
the area affected by the disturbance, it causes a power imbalance
in the other healthy AC area, leading to a frequency variation and
endangering the system stability. In this work, a HVDC primary
frequency regulation controlling voltage-dependent loads (PFR-
VDL) is proposed, where the HVDC terminal in the healthy
area influences the grid voltage amplitude to shape (decreasing or
increasing) the load consumption in order to cope with the power
variation required by the fault-affected area. The PFR-VDL
extracts the needed energy for the frequency support, not from
the generators (with following frequency deviation) but from the
voltage-dependent loads in the healthy area. This work analyzes
the PFR-VDL performance, generalizing it with two possible
HVDC connection cases: Asynchronous connection with single
HVDC line, and embedded HVDC forming a parallel, hybrid
connection with HVAC. The PFR-VDL application benefits and
limitations are evaluated analytically and verified by means of
PSCAD EMTDC simulations, and finally validated with a large
interconnected IEEE 39 bus system.

Index Terms—HVDC, Load Voltage Sensitivity, Primary Fre-
quency Regulation, Voltage Dependent Loads.

I. INTRODUCTION

The energy production share has kept shifting in the last
years from conventional generators to power electronics-
interfaced ones, such as wind and solar power plants. These
resources provide no rotational inertia contribution to the grid,
decreasing the system’s damping during power unbalances.
As consequence, faster and larger frequency transients occur
in the system compared to before, when the energy was
produced uniquely from conventional generators. This issue
gained attention in the last six month, as two major low
frequency incidents in Continental Europe and UK
occurred. As practical example in [3]], the conventional gen-
erators offer an aggregated inertia H=6s, which falls down
to 3-4s during the wind and PV plant production peaks.
Hence, an increased frequency deviation from the nominal
value is observed following a specific disturbance (e.g., grid
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faults or large generator/load shut-down), e.g. from 400 mHz
to more than 550 mHz [3]]. The frequency control is provided
by synchronous machines that adapt their power output during
disturbances. However, the effectiveness of the control action
is constrained by the turbine slow dynamic (tens of seconds
range).

The use of Voltage Source Converter (VSC) HVDC systems
can increase the system controllability, varying their power
output rapidly (within hundreds of ms), following a frequency
variation. An existing field application of the primary fre-
quency regulation by HVDC systems is the Caprivi Link
Interconnector HVDC Light, connecting weak grids such as
the Namibia and Zambia ones [4]], [3]. Although this strategy
has been largely discussed in literature [6]-[8], it creates
power imbalances in the connected areas, leading to frequency
variations up to 500 mHz [7]. Industrial documents [4], [5]
showed that this represents a huge restriction in frequency
regulation depending on the strength of the supporting grid .

Existing control strategies have been applied only in case
of asynchronous areas connection. However, modern power
system, being limited in building new infrastructure, embeds
HVDC systems in AC grids, forming hybrid HVDC-HVAC
interconnections [9]], [10]. Practical examples are the SuedLink
and SuedOstLink projects in Germany [[11]], both 2GW un-
derground cable HVDC links. These links are designed to
transmit the energy from the wind power plants in the north
of Germany toward the southern industrial load centers, to
compensate the missing energy from decommissioned nuclear
and gas power plants. Both projects are co-operated by two
different TSOs, showing that HVDC applications are not only
limited to single-operator systems.

To overcome these limitations, primary frequency regulation
through voltage-dependent loads (PFR-VDL), e.g. industrial
aluminum or steel plants or HV substations [12]], approach
can be used. The HVDC converter exploits the voltage-power
characteristic of the loads, and shapes their consumption by
means of controlled voltage variations [13]]. This technique has
seen several applications with static var compensators [14],
synchronous condensers [13], Smart Transformers [16] and
load tap changers. The latter, however, seem more suitable
for secondary/tertiary frequency control, due to their relatively
slow dynamic that is more appropriate for conservation voltage
reduction [17]].

In this work, the PFR-VDL approach by HVDC-terminals,
introduced in the previous literature only for simplified cases
(18], is analyzed mathematically by means of state-space
analysis and the study cases have been expanded in large
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Fig. 1. Example and schematic of two-area interconnection: (a) Case I: Single
HVDC (Germany - Denmark), (b) Case II: Parallel, hybrid HVDC-HVAC
(embedded HVDC links in Germany)

and more realistic PSCAD-EMTDC simulations, considering
all the possible HVDC connections with the AC grid [11]:
asynchronous connection with single HVDC line (e.g., be-
tween Germany and Denmark - Fig[Th), and embedded HVDC
forming a parallel, hybrid connection with existing HVAC grid
(in green), such as the planned HVDC corridors in Germany
(in pink).

This work is structured as follows: Section II describes
the fundamentals of HVDC control and frequency regulation,
Section III introduces the PFR-VDL; Section IV verifies the
PFR-VDL improvements in frequency regulation provision
with analytic analysis in a simplified system, which are con-
firmed in Section V by means of PSCAD EMTDC simulations.
Section VI validates the system performance by implementing
the proposed approach in the IEEE 39 bus system. Finally,
Section VII is dedicated to the conclusions.

II. FUNDAMENTALS OF HVDC-BASED FREQUENCY
REGULATION

The main feature of HVDC systems is to increase the power
flow control in AC grids, either to transfer energy between two
remote points or to support the AC system. In two-terminal
HVDC system case (Fig.[2)), one terminal converter (Area 1)
controls the DC voltage, adjusting the active power exchange
with the AC grid, while the other converter (Area 2) regu-
lates the DC/AC active power flow. HVDC systems usually
participate in ac grid voltage (V) regulation by compensating
reactive currents (STATCOM functionality) [19]. This reactive
power control, implemented with PI-controller, is independent
of active power loop in the two terminals within the converter
ampacity.

In the state of the art, an external droop controller is applied
for the HVDC-based frequency regulation (Fig.2l), which
adapts the active power set-point to an AC frequency variation,
that is extracted from the grid voltage measurements through
phase-locked-loop (PLL). Assuming a frequency disturbance
Afi = ff — f1 at the HVDC terminal 1 in Area 1, the
measurement signal is transmitted to terminal 2, where the

I . AC T;I DC
Q DC AC
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Fig. 2. HVDC control scheme with additional PFR-VDL

active power reference of the HVDC terminal 2 controller is
varied following a droop curve d,, (green part in Fig[3), with
P5,,, being the agreed market power set-point:

Pz* =P, + AP :sz-‘rdp (fik —fl) (1)

A dead-band is implemented in the PFR to prevent the
controller from acting in normal frequency condition, where
only small deviations around the frequency nominal value
occur. During the control a communication delay has to be
considered, which is caused by the distance between the two
terminals (e.g. d = 5ms).

In the presented work, the PFR is implemented in the active
power controlling terminal (Area 2 HVDC terminal) acting
on the frequency in Area 1. However, as demonstrated in [8]],
the implementation in dc voltage control or in combination
with a voltage-droop controller (in the case of a multi-
terminal HVDC grid) is also feasible. The latter requires
special attention to control stability, since the frequency and
voltage droop gains act in opposite directions on the active
power reference and hence could cause undesired oscillation.
The same controller can be implemented also with Area 2
frequency deviation as input [4], [3]. The control principle
will remain the same, such that a frequency deviation would
cause a linear change of active power reference. However, the
sign of the droop constant will be opposite to the PFR acting
on Area 1 frequency.

III. PRIMARY FREQUENCY REGULATION CONTROLLING
VOLTAGE-DEPENDENT LOADS

A. Load Modeling

Load modeling - the mathematical representation of the load
power to voltage dependency - is a critical task for dynamic
power system analysis. As result of the TSO/DSO survey in
[20], in Europe, the load active power is modeled in 43% of
the cases with a static constant impedance, current or power
behavior. 21% of the loads are modeled with a combination
of the three polynomials (called ZIP-model), 10% use static
exponential load modeling, 16% ZIP plus induction machine
and 8% detailed composite model. However, based on Taylor
expansion, polynomial ZIP-models (including the constant
impedance, current and power models) can be expressed by
their equivalent exponential parameters following the relation
given in [20]:

_ pp*0+prxl+pg*2

kp
pp +pr+pz

2
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TABLE I
REAL GRID LOAD SENSITIVITIES K,

Load type Equivalent K,  Reference
Commercial (summer/winter) 0.5/0.8
Residential (summer/winter) 09/1.7 [12]

America HV average 1.0-1.5 [20]

HV aggregated load 1.3

MV aggregated load 1.35 (210

Primary substations 1.5 22])

Industrial aluminum plants 1.8
Q5+ i
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Fig. 3. HVDC PFR-VDL control loops

where pp, pr and py are the constant power, constant current
and constant impedance components of the total aggregated
load. Hence, static exponential load modeling, can express
more than 70% of all used dynamic load models and is best
suited as unified model to represent aggregate loads [12].

B. Load voltage sensitivity

The load power to voltage sensitivity generally depends
on the loading conditions, such as weather, season or day-
time [12]], [21]], and the composition of the aggregated load.
Several studies (industry surveys and measurements) have
been conducted to identify the sensitivity of power systems
loads, which represent the aggregation of hundreds or thou-
sands of individual devices connected to the same substation
(see Table [). This work considers active power to voltage
sensitivity K}, = 1.8, in line with the results of [12], where the
highest share of load participating in frequency services (59 %)
are industrial aluminum plants with average load sensitivity
K, = 1.8. Lower load sensitivity values do not impede the
general PFR-VDL positive effects, but it only reduces its
operational margin, since the same active power contribution
requires larger voltage variations. Although, a constraint on
the grid voltage variations (e.g. £0.02 p.u.) will reduce the
PFR-VDL influence on frequency nadir, a positive damping
effect is always obtained, which is analyzed in Section IV.B

C. Load Identification and Control

Conventional methods to identify the load power to volt-
age sensitivity make use of two approaches, both based on
offline data processing: measurement-based and component-
based approach. In the measurement-based approach, direct
measurements of field data at representative substations and
feeders are carried out for specific grid disturbances and the
obtained data is fitted to the actual load models afterward.

In the component-based approach, individual components in
laboratory are aggregated in (sub-)classes of models, which
take into account different loading conditions [21]]. The aggre-
gation is performed with weighted averaging or curve fitting
techniques. These methods, although suitable for identifying
loads in steady-state or dynamic studies, lack in capability to
provide real time information on the loads status, which is
vital for proper corrective action in grid disturbance situation.

The control of flexible, voltage-dependent loads has been
considered a valid alternative to classical approaches for
balancing the load demand and power generation. In this way,
an additional power reserve to be used anytime can be raised,
reducing the need for energy storage systems and limiting the
degradation effects on synchronous generators. Shaping the
loads power consumption through controlled voltage variations
can be considered for economic dispatch, primary frequency
regulation and contingency reserves [23]].

D. PFR-VDL Algorithm Implementation

The HVDC PFR-VDL, as proposed in this paper, makes use
of the load active power sensitivity to voltage identification
(blue part in Fig). This approach applies a controlled
disturbance in the grid (in this case a controlled reactive
power injection that influences the load voltage amplitude V),
in order to measure the active power variation at the load
bus. Following this methodology, the load power sensitivity
to voltage K, can be evaluated in real-time every time it is
needed or at regular intervals (e.g. every few minutes, see

Fig. [):

Pr, (tr)—Pr(tk—1)

- Bl
By = Vit 3)
Vi (te—1)

where Py, (tx), Pr(tk—1), VL(tx), and Vi, (tx—1) are the active
power and voltage measurement at a certain time step %
and its previous one tr_;. In this way, the knowledge of
the sensitivity is actual within the chosen time resolution.
Considering that this analysis has been carried out in high
voltage grids, it is expected that the load sensitivity does not
vary substantially within minutes. As demonstrated in [23],
in MV grids the load sensitivity varies in tens of minutes
or hours. Hence, in HV grids a slower variation is expected.
The measurement, during the voltage and power variation, is
performed locally in the interested HV substation (i.e., the
load under control), where the load sensitivity is evaluated,
and the value sent to the HVDC controller with a specific
time stamp. With this approach, a fast communication is not
needed, but the classical communication infrastructure can
be employed. Once this sensitivity is known, the load active
power consumption can be influenced varying the Area 2
voltage in pu by AV, /Vp as in (@)

AV, AP dy-Afy

Vo PLK, PLK,
where AP; represents the power variation requested by the
droop controller d, in Area 1, P, is the load power consump-

tion and Af; is the frequency error in Area 1 (red part in
Fig[). The load voltage change AVj, and, thus, the variation

“4)
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Fig. 4. Timeline of HVDC PFR-VDL application in frequency disturbance case

of its power consumption, are performed through controlled
reactive power injection Q5 by the HVDC terminal 2 as shown
in Fig.[}

Q3 = (V7 + AV,
——

Vi

1
-W) (kp,v + ki,VS) @)

where Vi, and Vi* represent the load voltage actual and
reference value, respectively.

To cope with the power quality challenge, the control
algorithm is constrained by the following measures: (1) A
dead-band (e.g. 100 mHz) is implemented in the PFR droop
curve to avoid unnecessary control actions for small deviations
around the frequency nominal value. (2) The PFR-VDL grid
voltage variation is implemented as additional reference value
only in abnormal frequency condition and respects grid voltage
variation limits of current ENTSO-E network codes for secure
grid operation (0.9—1.118 pu) [26] or the stricter constraints of
maximum voltage step-change due to reactive power injection
in the technical requirements for grid connection of high
voltage direct current systems (i.e. £0.02 p.u. [27]]). (3) The
HVDC active P; and reactive power set-points ()5 are limited
by the maximum HVDC converter ampacity.

Additionally, the feature of load sensitivity identification
allows to know beforehand the requested voltage variation at
load point and permits to check in advance the compliance
with the grid voltage constraints. The control of voltage
dependent loads is only applied as corrective action in short
time after the disturbance to support the generators primary
frequency control. After frequency resettlement, the grid volt-
age and HVDC reactive power reference are restored to their
pre-fault nominal values.

E. Load Recovery

After the disturbance and control action of PFR-VDL,
certain loads will slowly recover and OLTCs will restore the
voltage. Typically, they will begin moving one minute after a
drop in voltage occurred and complete the restoration of volt-
age within another one or two minutes [[12]]. Measurements in
medium voltage distribution network in Serbia have confirmed
a load recovery time constant around 7}, = 398.1 s for voltage
step up and T}, = 221.5 s for voltage step down .

Since the PFR-VDL control action is limited approximately
to the first ten seconds after the disturbance, it can be con-
cluded that the load recovery effect can be neglected in this
study and the use of static exponential modeling is justifiable.

Fig. 5. Two-area system scheme with single HVDC interconnection (black),
and parallel hybrid HVDC-HVAC interconnection (red) and PFR-VDL.

TABLE I
PARAMETERS OF TWO-AREA GRID

R Tc Fup Tru Tcu Fup
0.05 02s 0.3 7s 03s 0.7
M D Ky Ei  Xa

13 s 1 1.8 1 0.022

IV. ANALYTICAL RESULTS

For an analytical evaluation of the HVDC PFR-VDL perfor-
mance, the simplified two area system scheme has been
used, as shown in Figldl This model accurately represents
the system with the minimum required level of details for
frequency control studies [29]]. The system scheme consist of
the equivalent machines of the two areas and it is built to
adapt the two two-area connection cases under investigation:
by means of a HVDC line (black), or embedded HVDC-
HVAC lines (red) interconnecting the two areas instead of
2 HVAC lines. The HVDC power control is assumed ideal
in this case, which results in simplified representation of the
HVDC system only respecting its linear frequency power
droop gain dj,. The internal dynamics of the control of voltage
dependent loads are not within the bandwidth of frequency
control studies [29]. Hence, a linear relationship between
frequency and load voltage can be assumed, which is added
by the control gain of voltage dependent loads (VDL) d, and
load voltage sensitivity K, additionally in this scheme. The
two areas system parameters are listed in Table [l where R
is the governor frequency/power droop, T the time constant
of first order representation of governor dynamics, Tr, Fup,
Fip and Ty the reheater time constant, power fraction of
high and low pressure section and time constant of the main
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Fig. 6. Case I: Analytical calculation of frequency variation in Area 1 (blue)
and Area 2 (red) w/ ('Droop’) and w/o ("No Droop’) HVDC frequency
regulation for 10% active power load step in Area 1

inlet volume of the turbine, respectively. M represents the
equivalent system inertia, D the load damping factor, E; the
grid voltage amplitude in area 1 and X,. the impedance of
AC transmission line between the two areas.

The transfer function of each z-area system is given by

1
(= ———— 6
Mys + Dy ©
1
Gy=—— 7
1+ STG7X @)
1+ sFup  Thi«
T, — + st'up,x1RH, ®)

(1+ sTenx) (1 + sTrux)

where I, represents the rotor inertia and load damping, G the
governor and 7% the turbine. To analyze the system frequency
response under different connection and control solutions, a
state-space model (SSM) of the system in Fig[j has been
developed and shown in (II). The dynamic state vector and
the output vector are composed respectively of:

. - o T
z=[gl g2 i i2 ©1 Oy 4t 7y D2 1] 9)
y= [Awl AwQ]T (10)

with g,, i, and 7, being the internal states of the governor,
rotor inertia and turbine, ©, the rotational angle and Aw,, is
the frequency variation of the respective area x.

A. Investigation of HVDC PFR-VDL performance

The frequency and power response of the two areas in the
aforementioned two cases are described in the following.
Case I: Asynchronous connection with single HVDC
interconnection (depicted in black in (II)). An active power
load step AP, = 10% is applied after 1s in Area 1. Two
control actions of the HVDC system are considered in Fig[6
the HVDC system works at constant power and keeps the
power exchange with the AC system constant during the
disturbance (marked with No Droop), or the HVDC system
varies its power request following the frequency-power-droop
characteristic (marked with Droop). As can be seen from Figll
the HVDC system at constant power does not support the
frequency in Area 1, leading to a large frequency drop below
49.5 Hz. On the contrary, Area 2 is unaffected in this control
mode. Instead, the HVDC system with a frequency-power-
droop curve (d,, = 20) modifies its power demand proportion-
ally with the frequency variation in Area 1, which limits the
negative frequency peak to 49.8 Hz. However, Figlglillustrates
the drawback of droop control action: Area 2 experiences
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Fig. 7. Analytical calculation of frequency variation in Area 1 (blue) and
Area 2 (red) with droop frequency regulation and with HVDC PFR-VDL.: (a)
Case I, (c) Case II and Analytical calculation of load active power and voltage
variation: (b) Case I, (d) Case II for 10% active power load step in Area 1

a temporary power imbalance and frequency variation up to
49.6 Hz due to the frequency support in Area 1.

To solve the above mentioned problem, the HVDC PFR-
VDL is additionally implemented as described in Section
IIId. Through voltage variation at the load point of coupling
with the power system, an active power variation of the load
consumption can partially balance the power variation request
from each HVDC terminal (share defined by the parameter
dy). If the same amount of active power transferred in Area
1 is extracted from the load, the HVDC terminal power can
be completely balanced. From Fig[7(a) it can be seen, that
the frequency in Area 2 remains unchanged during the whole
transient window. Extracting the energy demanded by the
HVDC system not only from the local generators but also from
nearby voltage-dependent loads, raises additional operational
reserve and makes the frequency regulation independent from
the network inertia. Estimating the load active power to voltage
sensitivity K, and changing the load voltage accordingly, as
in Fig[Z{b), guarantees a correct variation of load power con-
sumption (see Fig[/(b)). The load voltage drops by only 4 %,
which gives high operational margin of PFR-VDL application.

Case II: Embedded HVDC forming a hybrid parallel
HVDC-HVAC interconnection (additional equations depicted
in red in (II))). This solution goes in line with the need for
grid controllability enhancement with limited Right of Way

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2020.2990565, IEEE

Transactions on Power Delivery

— 1 1 -
~Toq 0 —IhAT 0 0 0 0 0 0 0
1 1
0 To s 0 ey 0 . 0 0 0 0
dp+Dy 1 1 HP,1 1
0 0 T My 0 " Xac Xac TcH,1 TcH,1TRH,1 0 0
dp—dy _ Dy 1 1 0 0 Fup,2 1
My My ac Xac TcH,2 TcH,2TRH,2
A— 0 0 v 0 0 0 0 0 0 an
0 0 0 oy 0 0 0 0 0 0
1 _Tecu,1+TRrH,1 1
Tg 1 0 0 0 0 0 TcH,1TRH,1 TcH,1TRH,1 0 0
0 0 0 0 0 0 1 0 0 0
1 _Tcu.2t+tTRH.2 1
0 TG,2 0 0 0 0 0 0 TcH,2TRH,2 TcH,2TRH,2
L O 0 0 0 0 0 0 0 0 _
T 00 = 0 0 0 0 O 0 0
= —1 = 1 =
B [0 0 000000 0] = [0 0 0 3 0 0 0 0 0 0 D=1
"f\} DO ' 0.5: T T T T T T T T 3
» e0gc ' = H =35 (CIGRE)
s2r | 1 E04
2 . .
8 . | ] 5
\i)} 5& Eial : ':‘;03
Bl e R L) = R - S0z
< _> £ ¢ | - 0.
> 1F > | ] g
3 ! 0.1 g
S0k : ] ]
Bl -~ ' =0 L L L L L L L L
E,z D akasal i 0 02 04 06 08 1 12 14 16 18
3 ) 0 1 Voltage sensitivity K,

-1
Real Axis (seconds '1)

Fig. 8. Case II: Pole-Map of the closed-loop transfer function from active
power load step AP; to Area | frequency variation Aw; with increasing
VDL control gain dv = [0%dp, . . . 100%d)]

for new infrastructure. The PFR-VDL impact in Area 2 can
be seen in Fig.[Z(c) and Fig.[Z(d). The frequency oscillation in
both areas is kept above 180 mHz under the PFR-VDL action,
while in Droop mode it is falling to 280 mHz. However, in
contrast to asynchronous HVDC, not only the HVDC power
affects the frequency in both areas, but the overall HVDC and
HVAC contribution to the transmitted power and the frequency
coupling effect through F;/X,. have to be considered.

Fig.Bl shows the trajectory of the poles of the transfer
function from active power load step AP, to frequency
variation Awy, considering an increasing share of VDL control
action d, in Area 2. A high d, creates 3 effects: 1) a pole
movement toward the imaginary axis, corresponding to a
marginally reduced system stability, 2) a pole movement away
from the real axis, indicating a reduction in system damping
at higher frequencies (around 0.5Hz), and 3) a pole movement
toward the real axis, with an increase of the damping at
lower frequencies (around 0.1Hz). This results effectively in
a reduced frequency nadir in both areas.

B. Discussion on the load sensitivity

Changing the load’s power consumption by PFR-VDL adds
virtual damping to the system. Hence, the maximum frequency
deviation in Area 2 varies linearly with the sensitivity K. In
Fig.Pla), three different inertia cases have been considered:
H = 6.5s of conventional generators in Kundur benchmark;
H = 55 with mixed generation (as reported in [30]) for North
American and European HV transmission network benchmark;
and H = 3's during wind and PV plant production peaks [3]].
If the grid voltage is tightly constrained (e.g. +0.02p.u. as

(a)

S = Y
R I SR
T

f max. freq. dev. in Hz

0.5 0.6 0.8 1 1.3 1.5 1.8
Voltage sensitivity K,
(b)

Fig. 9. Case I: Analytical calculation of (a) Maximum frequency deviation
in Area 2 with PFR-VDL and (b) Improvement of PFR-VDL compared to
Droop control with varying load voltage sensitivity and grid inertia for 10%
active power load step in Area 1 and £0.02 p.u. voltage constraint

requested by the current technical requirements for grid con-
nection of high voltage direct current systems), the efficiency
of the PFR-VDL in suppressing the undesired frequency devia-
tion in supporting area 2 is limited. Primary aluminum plants,
which show highest sensitivity of K}, = 1.8, can damp the
frequency oscillation by 180 mHz (high inertia) to 250 mHz
(low inertia). However, even for very low-sensitive loads
(commercial loads in summer, K, = 0.5) an improvement
of up to 50mHz is obtained compared to the conventional
droop control (see Fig.0b)).

V. SIMULATIONS RESULTS: SIMPLIFIED TEST SYSTEM -
ASYNCHRONOUS HVDC

A. Validation in Kundur two-area four-machine system

The validation of PFR-VDL improvements in HVDC fre-
quency support is carried out with EMTDC simulations in
PSCAD. Allowing simplified result replication, the two-area
grid established in has been implemented in PSCAD,
replacing the 2 original HVAC lines by an HVDC line (Case
I) interconnecting the two areas. The adopted system is rep-
resented in Fig.[[0] and its parameters are listed in Table [[IIl
The HVDC nominal parameters are given in Table [Vl In this
simulation, the loads are modeled as exponential loads [28].
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Fig. 10. Two-area four-generator system with single HVDC (black) and
parallel, hybrid HVDC/HVAC (red) interconnection

TABLE III
INITIAL SET-POINTS OF GENERATING UNITS AND LOADS OF THE
TWO-AREA GRID

Gl P =530 MW Q1 = 185 MVar FEy1 = 1.03£20.2°
G2 Py =530 MW Q2 = 235 MVar FEto = 1.01£10.5°
G3 P3 = 550 MW Q3 =176 MVar  Ey3 = 1.03Z —6.8°
G4 Py = 560 MW Q4 = 202 MVar FEyq = 1.01£17.0°
Bus 7: Py =967TMW  Qr7 = 100 MVar Qc7 = 200 MVar
Bus 9:  Pr9=1,16TMW Qr9 = 100 MVar Qc9 = 350 MVar
TABLE IV
PARAMETERS OF HVDC SYSTEM
Leﬂgth Vdc,nom Vac,nom Snom Pkundur P39bus
660 km 400 kV 220 kV. 500 MVA 100 MW 270 MW

The AC grid consists of cables, which are represented with
single PI-equivalent, and machines, which include mechanical-
hydraulic governor, steam turbine, synchronous generator and
Ac2A-type exciter. As a common modeling approach for
grid control studies, the HVDC system is represented with
its average model. The transient switching behavior of the
converters is averaged within one switching interval, such that
the AC-DC converter is modeled as a controlled voltage source
with series AC filter on the AC side. The source reference
input is defined by the modulation waveform calculated by
the HVDC controller. The DC side is modeled as controlled
current source (to represent the power flow from AC to DC)
with parallel DC capacitor. The dc-line is modeled with PI-
equivalent, with shunt capacitors being included in the DC
capacitors of the converter representation.

To validate the PFR-VDL performance in HVDC systems,
the application of a 300 MW / 90 MVAr load step (correspond-
ing around 8 % of the system rating, equal to 3600 MVA) at
t = 15 s has been supposed in Area 1. The HVDC system
can react on the grid perturbation with two possible control
actions: keeping the power constant during the disturbance
(indicated with *No Droop’ in Fig.[[I); or adapting its power
output to the frequency/power droop characteristic, depicted
in Fig.2] and marked in Fig.[T1] with *Droop’.

As depicted in Fig.[Il no regulation can be provided with
HVDC working with constant power, and the frequency in
Area 1 experiences a deviation up to 49.2 Hz. The negative
frequency peak is limited to 49.6 Hz, if the HVDC system
modifies its power output accordingly to the frequency devi-
ation. A temporary power imbalance and frequency variation
up to 49.7 Hz occurs in Area 2, forcing generators to ramp up
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Fig. 11. Case I: Simplified test system: System frequency in Area 1 (blue)
and Area 2 (red) w/ (Droop) and w/o (no Droop) HVDC frequency regulation

the power to stabilize the system frequency.

To decrease the impact of the HVDC frequency regulation
on Area 2, the PFR-VDL is integrated in Area 2 HVDC
terminal, as shown in Fig.2l The PFR-VDL first identifies the
load active power sensitivity to voltage, using the methodology
derived in [24] and recalled in Section III. The load voltage
and thus its active power consumption are modified by HVDC
controlled reactive power injection (shown in Fig[I2)(b), as
can been noticed at ¢ = 5s in Fig.[[2lc). The voltage, being
the grid mainly inductive, is sensitive to reactive power, which
allows for PFR-VDL control also with limited ampacity of the
VSC. The load voltage and active power measurement data
are sampled in the same place (e.g. at HV substation) and
synchronized, which implies no communication delay. After
the sensitivity estimation, the HVDC applies the PFR-VDL
action, if the measured frequency deviation exceeds the dead-
band of 100 mHz. The load voltage varies to match the change
in load power consumption with the active power required by
the HVDC to limit the frequency deviation in Area 1.

Fig.[[2(a) shows the effect of the PFR-VDL action. While
the Area 1 frequency behaves similar in both cases, the
PFR-VDL application reduces the frequency oscillation in
Area 2 and hence supports the generators’ primary frequency
control. From generators active power plots in case of HVDC
frequency regulation with and without load participation in
Fig.[12(d), it is visible that the PFR-VDL helps the generators
G3 and G4 to balance the energy deficit in Area 2. This
results in lower increase of their power outputs, both in steady-
state and transient conditions. Although the improvements in
steady-state are marginal compared to pre-disturbance condi-
tions, the transient power overshoot (i.e., 3 %) can be avoided
and a smoother governor control action can be applied.

B. Discussion on the load participation

To demonstrate the PFR-VDL performance depending on
the electrical distance of the load from the PFR-VDL control
point, transmission lines of 0km, 25km and 50 km between
the HVDC terminal and the load are introduced in the simu-
lation setup shown in Section IV. To fairly match the system’s
steady-state condition under different transmission lines, the
capacitor value at bus 9 of the Kundur grid and the generators’
active power set-points have been adapted to maintain same
steady-state voltage and frequency conditions at the load for
all cases. As can been seen from Fig.[[3l the HVDC active
power and the frequency in Area 1 are unaffected in all cases.
Two effects are visible, if the line length changes: long length

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2020.2990565, IEEE

Transactions on Power Delivery

50 Ve
N
T 49.9F
=
Sa98f
% = = = Droop
8 49.7F
= PFR-VDL
49.6F
<
< 100
=
=
£ AP
5 Of RP
z
(=9
o 5
g -100
jas}
20 s s
- T T T T T T
£ v
g
g 0.98f 4
~
°
=
2096 Vi, E
E o
g
-
0.94 L L L { L L
20.75
o
k=
§ 0.7
=3
a.
42 0.65
g
5 06
S
2
8055

10 15 20 25 30 35
Time in s

(d)

=)
w

Fig. 12. Simplified test system: (a) Frequency in Area 1 (blue) and Area 2
(red), (b) HVDC active/reactive power, (c) Load active power and voltage, (d)
Generator active power with droop frequency regulation and with PFR-VDL

of transmission line leads to a small increase in reactive power
needed for changing the load voltage, due to the voltage drop
across the line; and the frequency in Area 2 damping improves
with longer lines. This can be explained due to higher losses
in longer lines that decrease for a reduced load consumption.
For this reason, the total generators’ active power is reduced
compared to the case with no transmission line.

VI. SIMULATIONS RESULTS: LARGE INTERCONNECTED
SYSTEM - IEEE 39 BUS SYSTEM

A. Validation of HVYDC PFR-VDL in interconnected system

To validate the results in a larger interconnected system, this
section shows the simulation results of PFR-VDL control in
a modified IEEE 39-bus network [31] (depicted in Fig[[d). A
HVDC system replaces the AC line between bus 27 (terminal
1) and bus 26 (terminal 2) with identical active power flow
of —270.4MW. The transmission lines are modeled using
the Bergeron model, while for HVDC system and generators
the same type of modeling as in the Kundur benchmark
simulations is used.

To analyze the system performance under a disturbance, at
t = 35s, the bus 39 is disconnected from the main system,
including the generator GGy, the connected load and the lines
1 —39 and 9 — 39. Two different study cases have been
considered: a case with nominal inertia conditions (FiglT3),
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Fig. 13. Electrical distance variation between HVDC terminal and load: (a)
System frequency in Area 1 (blue) and Area 2 (red) , (b) HVDC reactive power
variation with Okm (solid), 25km (dashed) and 50km (dotted) transmission line

Fig. 14. Modified IEEE 39 bus system with HVDC system replacing the AC
line between bus 27 (terminal 1) and 26 (terminal 2).

where the system is dominated by conventional generators and
hence it has high aggregated inertia (i.e. H = 65); and a case
with lower inertia conditions (Fig[I6), where the penetration of
renewables (wind and PV) is higher and the equivalent inertia
is reduced to H = 3 s.

Due to the strong interconnected system, a change of the
HVDC active power is ineffective to damp frequency oscilla-
tions. Consequently, only the effect of HVDC-based control
of voltage dependent loads is analyzed in the following.

In the case of H = 6s and no control of voltage dependent
loads (indicated with no support in Fig[T3] and FiglT@), the
grid frequency increases up to 50.11 Hz, due to the sudden
active power mismatch (Fig[I3(a)). If the control of voltage
dependent loads is activated, the HVDC injects reactive power
(Fig[T3lb)) to vary the voltage at the loads PCC (Fig[I3(c)).

Following the voltage variation, the active power consump-
tion of the controlled load (FiglT3lc)) increases and hence
additional operation reserve for the frequency support is ob-
tained. This reduces the frequency disturbance by 30 mHz,
corresponding to a 30 % frequency nadir improvement with re-
spect to the case without PFR-VDL. As second effect, already
described in the theory, the system damping increases, leading
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Fig. 15. Frequency event in IEEE 39-bus system in high inertia condition
(H = 65s) w/o (’no support’) and w/ PFR-VDL with 0.9 — 1.118 pu ("PFR-
VDL’) and £0.02 pu voltage limitation ("+0.02pu’): (a) System frequency,
(b) HVDC active and reactive power, Load active power and voltage: (c) bus
26, (d) bus 28 (e) bus 29, (f) generator reactive power.

to a reduced post-disturbance oscillation in the frequency
(Fig[T3(a)). The voltage is a local parameter, which can be
influenced by the HVDC system through reactive power in-
jection only at its PCC. Given the existence of several voltage
dependent loads in the proximity of the HVDC terminal, not
only a single particular load will be controlled, but other volt-
age dependent loads at connected buses (28 and 29, Fig[13(d)
and Fig[[3le)) will also partially reduce their consumption.
However, the algorithm only requires soft load reduction and
no firm load shedding and the participation of multiple voltage
dependent loads is actually beneficial for frequency regulation.
The PFR-VDL control is a short-term action used to stabilize
the frequency in the first seconds after the disturbance. As soon
as the frequency settles, the AVR of the generators restores the
voltage by reactive power injection as depicted in Fig[T3(f).
To be noted that the grid voltage controller in the terminal 2 of
the HVDC system is always active. Since the grid voltage in
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Fig. 16. Frequency event in IEEE 39-bus system in low inertia condition
(H = 3s) w/o (’no support’) and w/ PFR-VDL with 0.9 — 1.118 pu ("PFR-
VDL’) and 40.02 pu voltage limitation (’+0.02 pu’): (a) System frequency,
(b) HVDC active and reactive power, Load active power and voltage: (c) bus
26, (d) bus 28, (e) bus 29, () generator reactive power.

the entire system experiences a sudden change following the
frequency disturbance, the HVDC injects reactive power in the
first seconds after the fault also in the absence of PFR-VDL
action to support the grid voltage. Reduced system inertia leads
to faster and larger frequency deviation after the disconnection
of bus 39 (see Figll8la)). The HVDC applying the PFR-
VDL can reduce the frequency peak from original 50.14 Hz
to 50.10 Hz, corresponding to = 30 % reduction also in low
inertia condition. However, this larger absolute compensation
requires higher grid voltage variation (i.e. 5.5 % in Fig[l6lc)
compared to 4% in the high inertia case in Fig[[3c)) and
hence higher reactive power injection (i.e. plus 50 MVAr in

Fig[T6fb)).

B. Evaluation of grid voltage constraints

The current technical requirements for grid connection of
HVDC systems constrain the maximum step-change in voltage
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through reactive power injection by 40.02 pu. The same two
cases, conventional high inertia grid and renewable dominated
low inertia grid, are repeated in Fig[T[3 and Fig[T6] with dotted
lines, respectively, limiting the voltage variation to +0.02 pu.
As can be seen from Fig[I3] and Fig[T8l in both cases the
frequency in the grid can still be supported, but with limited
efficiency. If the inertia is high, the frequency oscillation
reduction is ~ 20 mHz compared to 30 mHz in the no-limited
case, and if the inertia is low, ~ 30 mHz compared to 40 mHz.
Since lower amount of reactive power is injected by the
HVDC, the generators reactive power response is released.

VII. CONCLUSIONS

HVDC can contribute to the primary frequency regula-
tion varying the DC power flow proportionally with the
frequency deviation. However, the fast control action impacts
on the frequency in other DC-connected AC areas. This
work proposed a HVDC-based primary frequency controller
acting on voltage dependent loads as solution to overcome
the classical controller limitations. The PFR-VDL enables
additional upward and downward operational reserve by taking
the energy required for supporting the frequency in a certain
area (e.g., Area 1) not only from the generators but also
from loads of another area (e.g., Area 2). Injecting reactive
power, the HVDC shapes the power consumption of any
voltage dependent load (HV substation, industrial aluminum
or steel plant). As consequence, while the Area 1 frequency
is adequately damped, the frequency oscillation in Area 2 is
limited, compensating the local power imbalance. This work
demonstrates the general control concept for HVDC systems in
the two-area system proposed by [28]], obtaining a reduction
of second area frequency swing from 250 mHz to 50 mHz,
while effectively damping the frequency in the first area.
The proposed PFR-VDL control is further validated in large
interconnected IEEE 39 bus system, showing improvements
in the frequency control, reducing the frequency nadir up to
30 % with respect to the only droop controlled case, also in
case of strict voltage constraints.
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