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through Coordinating Control of Hybrid HVDC
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Abstract—A recently proposed Hybrid-High Voltage DC
(HVDC) system comprising a Capacitor Commutated Converter
connected in series with a 2-stage Voltage Source Converter
called ‘Vernier’ on the DC side and in parallel on the AC side is
considered to transfer power from onshore wind farms (WFs) to
the load centers. The flexible DC voltage polarity of the Vernier
gives rise to circulating power. Although the circulating power
leads to unwanted losses, it can be leveraged as an additional
degree of freedom. This extra degree of freedom is used to
provide secondary frequency control in the inverter-side grid by
extracting power from the rectifier without any communication
of signals while maintaining constant margin angle and firing
angle at the respective ends. Moreover, to improve the rectifier-
side grid frequency, the WFs provide primary frequency support
while operating under deloaded condition. Analytical insight into
this complex system is developed to damp frequency oscillations
and increase utilization of Vernier capacity.

Index Terms—CCC, Hybrid HVDC, VSC, weak grid.

I. INTRODUCTION

OFTEN large wind farms (WFs) are connected to smaller
and geographically remote portions of the grids, which

are weak in nature. The major load centers can be quite far
from such WFs needing power transmission over long dis-
tances, which can be realized with High Voltage DC (HVDC)
technology. Also, it is not uncommon to have low short circuit
capacity in the load centers, which reduces the strength of grid
on the receiving end. In such conditions the grids on both sides
of the HVDC link will be weak in nature.

The focus of this paper is secondary frequency regulation
(also called Automatic Generation Control or AGC) of load
centers connected to weak grids at the HVDC inverter-end
in order to prevent the frequency from falling in the un-
derfrequency load shedding (UFLS) range. Unlike primary
frequency control, AGC brings frequency back to its nominal
value and requires minutes to do that [1]. As opposed to
traditional AGC, the HVDC inverter can be equipped with
frequency regulation loops, which can perform the same task
quickly. Such frequency controllers have been implemented in
Hokkaido-Honshu HVDC link, Nelson River HVDC, Basslink
interconnector, and in New Zealand DC link [2]–[6] – all of
which are based on Line Commutated Converter (LCC) tech-
nology. Unfortunately, LCC-HVDC faces major challenges
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under weak grid scenario [7]. Although Voltage Source Con-
verter (VSC) HVDC can solve this issue [8] and control
frequency at the inverter-side grid [9], [10]; this technology
is still not mature compared to LCC considering bulk power
transfer, efficiency, and DC-fault protection. To operate under
weak grid condition, all of the LCC projects [2]–[6] employed
synchronous condensers. However, synchronous condensers
are very costly, need additional maintenance, and give rise
to unwanted issues like electromechanical oscillations. Such
issues were observed in the Nelson River HVDC project
[2] and the New Zealand DC link [6]. An alternative to
LCC-HVDC is the Capacitor Commutated Converter (CCC)
technology [11], which can deal with issues associated with
weak AC networks. However, all CCC-HVDC projects so far
considered back-to-back connections [12]–[14].

Point-to-point Hybrid-HVDC concepts have also been pro-
posed by researchers in multiple forms, which involve LCCs
and Self Commutated Converters (SCCs), e.g. VSCs [15]–[25].
However, there is hardly any tangible research done on CCC
or Hybrid HVDC for the secondary frequency control.

In order to take advantage of both CCC and VSC, the hybrid
scheme and its coordinating control are proposed and analyzed
in references [26], [27]. The Hybrid scheme consists of a
CCC connected in series on the DC side and in parallel in
the AC side with a 2-stage VSC called the ‘Vernier’. The
advantages of this Hybrid HVDC system are as follows: (a)
significant reduction in the switched capacitors by maintain-
ing net reactive power consumption almost constant over a
range of operating conditions; (b) elimination of converter-
transformer tap changers both at rectifier and inverter buses
by DC voltage regulation through Vernier; (c) enhanced power
flow recovery and reduction in commutation failure following
severe disturbances. The benefits of this system are explained
in detail in reference [27].

In this paper, we explore the possibility of secondary
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Fig. 1. Block-diagram representation of the point-to-point Hybrid HVDC link
highlighting the direction of circulating power.
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Fig. 2. Hybrid HVDC system connecting WF in rectifier-end and load center in inverter-side. See Appendix for parameters.
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Fig. 3. Operating region of the hybrid HVDC in (a) PverR−PverI plane and
(b) VverR−VverI plane. Boundaries preferred for locating nominal operating
points before inverter and rectifier frequency support are highlighted.

frequency control using the above-mentioned Hybrid HVDC
scheme. The HVDC rectifier side has a weak grid with
WFs and its inverter end is connected to a weak grid with
load center. The Vernier unit of Hybrid HVDC can alter the
magnitude and polarity of its DC output. The flexible voltage
polarity of the Vernier leads to circulating power, which gives
rise to unwanted losses. However, this circulating power gives
additional degrees of freedom to the control scheme, which
can be used to regulate the frequency at the inverter-side grid
under any disturbance. This is done by extracting power from
the rectifier end without any change in the reactive power
consumption or any communication of signals. This enables
the HVDC link to act as a “conduit” of frequency support,
thereby allowing it to earn revenue and compensate for losses
due to circulating power. Moreover, deloaded WFs are utilized
to provide primary frequency support to the rectifier-side AC
grid. Analytical insight into this complex system is developed
to damp frequency oscillations and improve utilization of
Vernier capacity.

II. CIRCULATING POWER IN HYBRID-HVDC SYSTEM FOR
FREQUENCY SUPPORT PROVISION

Figure 1 shows a block-diagram of the point-to-point Hybrid
HVDC link to represent the directions of real power flows,
DC current, and polarities of DC voltages. Further details
of the Hybrid topology can be found in [26], [27], which
are not repeated here. Note that the same DC current Id is
flowing through the DC ports of CCCs and Verniers, and it is
unidirectional. In each of the rectifier and the inverter ends, the
direction of Pccc always remains the same, i.e. PcccR leaves
the DC-side of the rectifier and PcccI enters the DC terminals
of the inverter. On the contrary, the real power flowing through
the Verniers (PverR and PverI ) can be bidirectional. This is
because VverR and VverI each can flip its polarity as shown
in Fig. 1. When the direction of PverR is opposite to that of

PcccR, a circulating power flows in the loop marked in Fig. 1.
The same applies to the inverter side.

Figure 3(a) shows the operating region of the Hybrid-HVDC
in PverR-PverI plane. The region is bounded by Vernier
power ratings PmaxverR = V maxverRI

max
d and PmaxverI = V maxverI I

max
d .

The positive values indicate that Vernier powers are in the
same direction as the corresponding CCC powers. The four
quadrants indicate the existence of circulating power in the
rectifier and/or the inverter end. Circulating power is normally
undesirable as it leads to system losses. Therefore, under
normal circumstances, the system should operate in quadrant I.
However, circulating power also provides additional degrees of
freedom for selectively providing frequency support to either
of the rectifier or inverter-side AC grids while maintaining
constant firing angle αr at the rectifier side and constant
extinction angle γi in the inverter end.

Utilization of Hybrid-HVDC system for AGC can lead to its
participation in a frequency regulation market in future, which
can help offset the loss due to circulating power and earn addi-
tional revenue. In order to provide AGC action through HVDC
on the inverter-side AC system following a loss of generation
or increase in load, power flowing through HVDC should be
increased. This can be achieved by increasing the reference
voltage at the inverter end while maintaining constant Id and
γi. The magnitude and polarity of the Vernier voltages decide
the amount of circulating power present in the system. Figure
3(b) shows the operating region in the VverR − VverI plane.
It will be shown in Section IV that the frequency support is
provided only by increasing Vver in order to maintain constant
Id. Hence, a portion of the hashed boundary in Fig. 3(b) is
preferred for nominal operation of Vver. For frequency support
to the rectifier-side AC system following rectifier-side load
increase or generation loss, the reference voltage of the inverter
control need to be reduced to extract less power from the
rectifier end. Again, this is accomplished by solely redcing
Vver. Therefore, another portion of the closed boundary in
Fig. 3(b) is preferred for nominal operation of Vver. In this
paper, we focus on the frequency support to the inverter-side
AC grid, which is described next.

III. SECONDARY FREQUENCY CONTROL ON INVERTER
SIDE GRID

We consider a Hybrid HVDC system connecting WF in
rectifier-end and load center in the inverter-end as shown in Fig.
2. AC grids at both ends are considered weak – see Appendix
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Fig. 4. Proposed modification in inverter coordinating control of Hybrid-HVDC system with secondary frequency regulation and damping control.

for system parameters. To utilize HVDC for AGC action at the
inverter-side grid following loss of generation or load increase,
the inverter coordinating control in [27] needs to be modified
as described next.

A. Proposed Inverter Control

Inverter-side coordinating control aims to keep the total
inverter DC voltage and CCC margin angle constant, which
was presented in our previous work [27]. A supplementary
integral control that drives the inverter-side angular frequency
deviation ∆ωi to zero is proposed to modulate the reference
DC voltage of the inverter, see dotted box in Fig. 4. A lead-lag
compensator is used to improve system damping, which will
be discussed later. From Fig. 4, the effect of the addition of
a supplementary control on the change in voltage command
V ∗
dci (note that V ∗

dci is different from V ∗
di) can be derived as:

∆V ∗
dci =

Kfi

s

(
K ′
pi +

K ′
ii

s

)
∆ωi (1)

Considering tight control over the margin angle γi, the CCC
voltage will be affected negligibly with the change in voltage
command from equation (1). Therefore, the change in Vernier
voltage will be directly affected by the change in V ∗

dci, which
is given by:

∆V ∗
verI = KverI∆V

∗
dci (2)

Since the rectifier-side control shown in Fig. 5 maintains a
constant DC current Idr (and Idi) and constant firing angle αr,
the power consumption of the inverter CCC does not change.
Therefore, this change in VverI changes the power consumed
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Fig. 5. Rectifier coordinating control of Hybrid-HVDC system [27].

by the Vernier and thus alters the circulating power. Using
this degree of freedom, extra power required to compensate
the inverter-side generation loss or increase in load comes from
the rectifier end. If this power change in the rectifier-side AC
grid comes entirely from the governor droop action of the
generating unit Gr shown in Fig. 2, it will result in significant
reduction of the rectifier-end frequency. To reduce frequency
deviation ∆fr, the DFIG-based WF can be used to provide
primary frequency support, which is explained next.

B. Primary Frequency Support from WF

To reduce the frequency deviation of the rectifier-side grid,
the DFIG-based WF operates with power-frequency-droop
control [28] under deloaded condition. The droop control
ensures power sharing between Gr and the WF power reserve
under abnormal conditions. The mechanical power input to the
wind turbine can be expressed as:

P = ωrT
∗ = Koffω

3
r +Kwf∆fr (3)

where, ωr: rotor speed, T ∗: torque reference, Koff = Kd ∗
Kopt, Kd: deloading factor (= 0.9), Kopt: coefficient used
for maximum power point tracking (MPPT), Kwf : frequency
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droop coefficient. From equation (3), T ∗ can be expressed as:

T ∗ = Koffω
2
r +

Kwf∆fr
ωr

(4)

The reference torque is used to generate the reference current
component of the RSC control as describe in [29].

C. Vernier Control

Figure 6 shows the AC-DC converter (see, [27]) control
of the vernier. The AC-DC converter is responsible for main-
taining the DC-link voltage Vdcver through controller gains
KpDC and KiDC in addition to the volt-VAr control of the
commutating bus through controller gains KpQ, KiQ, KpV ,
and KiV . Traditional vector control with inner current control
loops are employed. The volt-VAr control forms a cascaded
structure with a slow reactive power tracking loop generating
an AC voltage reference E∗

ac for a faster voltage regulation
loop.

IV. ALLOWABLE GENERATION LOSS OR LOAD INCREASE

As discussed earlier, the Hybrid-HVDC link can participate
in the frequency regulation market to operate under a condition
that allows circulating power flow. However, it is important
to predetermine the maximum allowable loss of generation
or load increase in the inverter-side grid that can be tolerated
while providing secondary frequency regulation. This will help
quantify the degree of support and facilitate participation in
market. There are three constraints that need to be considered
– underfrequency load shedding (UFLS) constraint in the
rectifier-end, the same at the inverter-side grid, and overall
stability constraint. The factors influencing these constraints
are as follows:

• Maximum available power ∆Phead from the deloaded
condition of WF.

• Maximum margins of Vernier voltages (∆V maxverR,
∆V maxverI ), which depend on the initial values of VverR
and VverI .

• Governor droop coefficients Kgr and Kgi of the syn-
chronous machines Gr and Gi, respectively.

• Droop coefficient Kwf for frequency regulation from the
WF.

It is assumed that loss of generation can be equivalently
represented by increase in load. With any change in load at

the inverter end, the power balance equation can be expressed
as:

∆PLi −∆Pdi −Kgi∆fi = 0 (5)

where, ∆PLi: change in load on the inverter end; ∆Pdi:
change in inverter power; ∆fi: change in frequency of inverter-
side AC grid.

For successful AGC action, change in the inverter-end
frequency is zero under steady-state, i.e., ∆fi = 0, which
implies that the change in load is compensated by the power
transferred through HVDC. Therefore,

∆PLi = ∆Pdi = ∆PcccI +∆PverI (6)

where, ∆PcccI ,∆PverI : change in inverter-side CCC power
and Vernier power, respectively.

Assuming that the AC-side voltage of the CCC inverter is
constant and the DC current (Id) is regulated to I0d by the
rectifier coordinating control shown in Fig. 5, a constant mar-
gin angle γi implies CCC DC voltage will remain unchanged.
Therefore, CCC power will not change (i.e. ∆PcccI = 0).
Hence, equation (6) can be written as:

∆PLi = ∆PverI = I0d∆VverI (7)

where, ∆VverI : change in inverter-side Vernier voltage; I0d :
regulated DC current by rectifier-side (i.e., Id = I0d ).

This change in power has to come from the rectifier end.
Assuming constant rectifier-side AC voltage, a constant firing
angle operation with constant DC current will lead to constant
DC voltage of the CCC rectifier, which implies ∆PcccR = 0.
This lead to:

∆PLi = ∆PverR = I0d∆VverR (8)

This ∆PverR is shared by Gr and the WF shown in Fig. 2.
The increase in load can be expressed as:

∆PLi = ∆fr(Kgr +Kwf ) (9)

It is assumed that rectifier AC system operates with rated fre-
quency fs under nominal condition. Therefore, ∆fr = fs−fr.

From equations (7) and (8), it is clear that the change in
Vernier voltages at the rectifier side and inverter side are equal.
As a result, for the increase in load, the trajectories followed
by the Vernier voltages in VverR− VverI plane will be with a
slope of 45◦. Figure 7 shows the family of curves representing
the trajectories of Vernier voltages to respond to the increase
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Fig. 8. Characteristics of change in load at the inverter end vs Vernier voltage
change to achieve AGC action from inverter control while keeping the system
stable.

in load at the inverter end. In this context, three scenarios
can be considered: V maxverR < V maxverI , V maxverR > V maxverI , and
V maxverR = V maxverI . In the first two cases the operating region
in the VverR − VverI plane will be rectangles and in the third
case it will be a square, which are shown in Figs 7(a), (b),
and (c), respectively. The highlighted regions in Figs 7(a) and
(b) permit maximum change in Vver, which in turn can handle
maximum load change. For the case in Fig. 7(c) it reduces to
a line depicting the diagonal of the square. The operators will
prefer to have the nominal operating point (V 0

verR, V
0
verI ) on

the shaded boundary of the VverR − VverI plane. As marked
in Fig. 7, trajectories outside the highlighted region will lead
to a reduction in allowable change in load/generation.

The question however is – which one is the most preferred
trajectory among the others to achieve the maximum load
change? For V maxverR = V maxverI , there is only one trajectory –
so we don’t have any choice. For the two other cases, the
most preferred trajectories are marked in Fig. 7(a) and (b). The
basis of the choice is to minimize the length of the trajectory in
quadrant III and maximize it in quadrant I in order to minimize
losses due to circulating power.

The amount of secondary frequency support can be quanti-
fied by the maximum allowable load increase for which the
inverter-side frequency can be brought back to its rated value.
This can be expressed as:

max(∆PLi) = min[(V max
verR − V 0

verR)I
0
d , (V

max
verI − V 0

verI)I
0
d ,

Kgr∆fUFLS +∆Phead]

(10)
where, ∆fUFLS = fs−fUFLS , ∆Phead = (1−Kd)Koptω

3
r .

As observed from equation (10), the maximum allowable
load increase depends upon the initial operating condition
determined by V 0

verR, V 0
verI , I0d , and maximum voltage margin

max(∆Vver) = (V max
ver − V 0

ver). Three cases are considered,
which determine the limits on increase in load.

Case I: max(∆VverR) ≤ max(∆VverI): It is clear from
equations (7) and (8) that the increase in load depends on the
limits of both the Vernier voltages. In this case, VverR hits its
maximum limit first. The increase in inverter side reference
voltage demands higher voltage from rectifier in order to keep
constant current control on the rectifier (Fig. 5); since VverR

is saturated, VcccR needs to increase. In this situation, control
over firing angle αr is lost due to the limit hitting of VverR.
Since CCC is already operating at minimum αr; VcccR cannot
increase any further. As a result, the rectifier loses control
over the current (as VverR and α∗

r hits limit, see, Fig 5) and
the inverter CC loop (Fig. 4) becomes active. The control
over the inverter-side grid frequency is lost (which depends
on the modulation of V ∗

di), see Fig. 4. Therefore, the support
coming from the HVDC rectifier is no longer available and
the frequency of the inverter-side grid deviates from the rated
value. Following the loss of AGC action, the value of PLi can
increase further till ∆fi > ∆fUFLS .

Case II: max(∆VverR) > max(∆VverI): In this case, due
to the increase in the margin of VverR, the load can be further
increased unless VverI hits the limit. VverI limit determines
the stability of the system as VverI is responsible for operating
the system under minimum margin angle γi. When VverI hits
limit, the increase in the voltage demand has to come from
CCC, for that γi needs to reduce further. This is not possible
as the system is already operating with minimum γi. As a
consequence, the system becomes unstable.

Case III: ∆fr > ∆fUFLS : Apart from the Vver limits,
the limit on the rectifier-side frequency deviation has to be
imposed. When ∆PLi > (Kgr∆fUFLS + ∆Phead), it is
possible that ∆fr > ∆fUFLS condition is reached even before
the limits of Vver are hit. If Kwf >> Kgr, then the WF is
dominant in regulating the frequency on the rectifier end. In
this condition, if the increase in load exceeds ∆Phead; fr may
fall into the UFLS range.

Figure 8 shows the constraints described above for different
cases. The linear relation between ∆PLi and ∆Vver is evident
from equations (7) and (8). The gray trace (OAB) in Fig. 8
represents Case I. At point A, VverR hits its maximum limit,
hence the rectifier loses control over the current and the
inverter CC loop becomes active. The control over the inverter-
side grid frequency is lost, thus, HVDC will not support
AGC action. From point A to B, the increase in load is
compensated only by the inverter-side grid and depending
on the load increase, frequency may fall under the UFLS
range. Point B, shows the maximum load increase beyond
which ∆fi > ∆fUFLS . The characteristic for Case II is
shown with black trace (OAD) in Fig. 8. From point O to
A, it follows the same curve as in Case I. Since in this case
VverR does not hit the limit, HVDC will keep supporting
AGC action on the inverter end as long as VverI hits the
limit. Case III characteristic coincides with Case II, but the
point of operation till which the frequency support can be
given is primarily determined by ∆Phead of the WF (assuming
Kwf >> Kgr). If WF frequency support is limited, the
rectifier side frequency can fall below UFLS range. This
operating condition is shown in Fig. 8 with point C. This point
can vary depending on the frequency support from the WF
and the frequency-droop characteristics of Gr. To evaluate the
effectiveness of the proposed scheme for AGC, time-domain
simulations are performed, which is presented next.
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V. CASE STUDY

The test system in Fig. 2 is considered in the case study,
which is represented using a fundamental frequency phasor
model. The synchronous machines Gr and Gi are represented
by sixth-order subtransient models; the Hybrid HVDC model
follows reference [27] where the SCR on both side of HVDC is
2.5; the DFIG-based WF model takes into account a two-mass
wind turbine, averaged models of converters, and control loops
including inner current control loops in d− q frame. Some of
the test system data are mentioned in Appendix.

A. Time-domain Response

Under the nominal condition, VverR is -11 kV and VverI
is -21.6 kV. The dynamic performance of the test system is
investigated with step increase in PLi by 28 MW at the inverter
end under the following three cases:
Case 1: No frequency support from HVDC to the AC grid at
inverter end. WF is in MPPT at the rectifier end.
Case 2: Secondary frequency support through inverter control
to the AC grid on the receiving end. WF is in MPPT at the
rectifier end.
Case 3: Secondary frequency support from inverter control
to the AC grid on the receiving end and primary frequency
support through deloaded WF control to the AC grid of
rectifier-end by keeping the operating conditions same as in
Case 2.

A 28 MW increase in load is chosen as it results in the
inverter-side frequency reach an assumed UFLS threshold of
59.5 Hz.

Figure 9 shows the system response following a step in-
crease in the load by 28 MW at the inverter end. In Case
1, HVDC does not participate in AC grid disturbance due
to the constant DC voltage control of the inverter. Therefore,
there is no change in the HVDC power, as load change is
compensated through the synchronous generator power, Pgi,
see Fig. 9(c). As a result, the frequency fi falls in the range
of UFLS as shown in Fig. 9(a). In Case 2, with the proposed
supplementary control in HVDC inverter, HVDC extracts the
power demanded by load from the rectifier side and thus
provides AGC action on the inverter side grid. In this case, the
power from the generator Gi (Fig. 2) settles to pre-disturbence
value while the HVDC power has increased to provide the
additional power. In Case 3, power is extracted from the
deloaded condition of WF at the rectifier end. This does not
change the dynamics of the inverter end, see Figs 9(a), (c).

The rectifier-end system response with increase in the
inverter-side load is shown in Figs 9 (b) and (d). Since in
Case 1 HVDC is not participating in frequency support, no
change appears on the rectifier-side frequency or power of the
grid. On the other hand in Case 2, the rectifier side DC power
will increase, which can come from either WF or synchronous
generator, or both. Since in Case 2 WF is operating in MPPT
- its power output remains constant. The power demanded is
evacuated from the rectifier side synchronous generator Gr.
Assuming droop coefficients of the same order for Gr and Gi,
the rectifier-side frequency will settle at a value close to the
inverter grid frequency in the Case 1 i.e., 59.5Hz, shown in
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Fig. 9. Dynamic response of the system at inverter and rectifier end with step
increase in load on inverter side by 28 MW.
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Fig. 9 (b). In order to prevent rectifier-side grid frequency from
falling in the range of UFLS, Case 3 is considered, in which
the WF is operating under deloaded condition and provides
the primary frequency support to the AC grid at the rectifier
end.

It is essential to understand the distribution of power and
voltage among the CCCs and Verniers at the rectifier and
inverter ends. Figure 10 shows the change in DC voltages
across CCCs and Verniers. In Case 2, the Vernier DC voltages
VverR and VverI increases due to modulation in reference
voltage by ∆VverI ≈ ∆VverR ≈ 16kV , while CCC voltages
VcccR and VcccI remain unchanged for all practical purposes
due to constant firing angle and margin angle controls shown
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in Fig. 11. Note that the reason behind the blip in αr is due to
the oscillation in the system. The oscillation generates nonzero
∆αr, which is being added to α∗

rmin
(see Fig. 5).

Among all the cases, Case3 is the most appropriate way to
improve frequencies of AC grids on both ends of the Hybrid-
HVDC system with its coordinating control scheme. From now
on, we will only consider Case 3.

B. Constraints on Load Change

From the time-domain study it is clear that the proposed
scheme has the potential to provide AGC support to the
inverter-side grid. Due to the complexity of the study system
it is essential to find the theoretical limits on the change in
load in order get AGC support through the HVDC control.
Considering the constant DC current, the limit can be calcu-
lated through the maximum available voltage margin of the
Vernier, max(∆Vver) (= V maxver − V 0

ver) at both the ends. For
the 75% of rated power flow through the HVDC, the nominal
values of Vernier voltages V 0

verR and V 0
verI are -11 kV and

-21.6 kV, respectively (in quadrant III, see Fig. 3(b)). For the
constant DC current of 1.64 kA, and same maximum limit of
40 kV for both the Vernier voltages, the maximum available
Vernier voltage margins (max(∆VverR) and max(∆VverI))
are 51 kV and 61.6 kV respectively. Therefore, the maximum
allowable increase in load (see, equation (7) and (8)) is 83.64
MW for Case I. For Case II we remove the upper limit on
VverR, which leads to a maximum allowable load increase of
101.02 MW.

The ∆PLi − VverR and ∆PLi − VverI characteristics are
plotted in Fig. 15. We perform multiple nonlinear time-domain
simulation for Case I and Case II with different ∆PLi values
and plot the characteristics with dashed gray curves. The
curves deviate from theoretical prediction at around 50 MW
of ∆PLi. This happens due to large oscillations in VverR
and VverI shown in Figs 10(b), (d) leading to saturation limit
hitting in controllers – see Figs 4 and 5. As shown in Fig. 15,
the maximum allowable ∆PLi is 50 MW and 70 MW for Case
I and II, respectively – much less compared to theoretical
limits. To improve the utilization of Vernier capacity, the
existing controller parameters needs to be re-tuned and/or a
supplementary compensator needs to be designed to better
damp the oscillatory behavior. This is described next.

C. Improvement in Damping

The above-mentioned time-domain simulations were per-
formed using nonlinear state-space averaged phasor model of
the test system in the form of the following differential and
algebraic equations (DAEs):

ẋ = f (x, u, z) ; 0 = g (x, u, z) (11)

where, x, u, and z are the state, input, and algebraic variables,
respectively. The details of the equations are mentioned in
references [27], [29]. For Case 3, this nonlinear averaged
model is linearized around the operating point and expressed
in the state-space form as:

∆ẋ = A∆x+B∆u (12)
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Fig. 12. Validation of the response of linearized state-space model against
nonlinear averaged model following pulse change in load at the inverter end.

where, ∆x and A are the state vector and the state matrix,
respectively. For linearization, the numerical perturbation tech-
nique is used through ‘linmod’ command of Lapack routine
in MATLAB 2016a. This linearized model is validated against
the nonlinear averaged model.

Figure 12 shows the accuracy of the linearized state-space
model against the nonlinear averaged model with the dynamic
response of the system following a pulse change in load at the
inverter side. Linearization reveals three dominant modes of
frequencies 0.119Hz, 0.138Hz, and 0.162Hz. The 0.162Hz
mode (i.e., −0.16± j1.017) has the least damping compared
to the other two modes. To improve the damping of this mode,
eigenvalue sensitivities with respect to different controller
parameters are calculated, which is explained next.

1) Eigenvalue sensitivity: Eigenvalue sensitivity analysis
was performed to examine the effect of variation of controller
parameters on the unstable modes. The 1st-order eigenvalue
sensitivity is given as [30]:

∂λi
∂Γ

=
ψi

∂A
∂Γϕi

ψiϕi
(13)

where, Γ is a system parameter. The sensitivity was approx-
imated by ψi

∆A
∆Γ ϕi

ψiϕi
, where ∆A denotes the change in the

state-matrix corresponding to a small change in parameter
Γ, and ψi and ϕi are the left and the right eigenvectors
of eigenvalue λi = σi + jωdi. The eigenvalue-sensitivity
is computed by reducing the controller gains. Therefore, a
positive ∂σi

∂Γ indicates the real part of the eigenvalue is moving
towards left and a positive ∂ωdi

∂Γ indicates a reduction of the
value ωdi.

Table I shows the eigenvalue sensitivities with respect to
the Vernier controller gains, WF’s frequency droop coefficient
and inverter secondary frequency controller gain. Among
all the controllers, the poorly damped mode of 0.162Hz
has the highest sensitivity with respect to the inverter-side
Vernier reactive power controller gain KiQ−I (highlighted in
Table I). Therefore, Vernier Q-controller parameter (see Fig.
6) KiQ−I is tuned using root-locus method while utilizing
the eigenvalue sensitivity information. Figure 13 shows the
eigenvalue movement with increase in KiQ−I value to 10
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TABLE I
EIGENVALUE SENSITIVITY ANALYSIS FOR WEAK SYSTEM: SCR =2.5, NOMINAL VALUES KpDC = 0.012, KiDC = 9.0, KpQ = 0.01, KiQ = 0.10,

KpV = 0.02, KiV = 2.37. PARAMETERS WERE REDUCED

Mode KpQ−RKiQ−RKpQ−I KiQ−I KpDC−R KiDC−R KpDC−I KiDC−I Kfi Kwf

λi = σi ± jωd

−0.16± j1.017 0.003 0.0139 0.267 −0.637−2.1× 10−09−2.3× 10−091.4× 10−06−1.2× 10−070.0156−4.22× 10−06
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Fig. 13. Eigenvalue movement with increase in KiQ−I value to 10 times of
the nominal value.
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Fig. 14. Effect of compensator design on Vernier voltage and AGC action
with increase in load by 52 MW.

times the nominal value. The mode −0.16 ± j1.017 moves
towards left and then turns back towards right. This renders
the tuning of Q-controller challenging in order to improve its
damping. The alternative way is to design a supplementary
damping controller, which is explained next.

2) Design of damping controller: The damping controller
consists of a simple lead-lag compensator with a gain element,
which is designed using pole placement technique [30] - see
Appendix for a brief description. The structure of the controller
is shown in Fig. 4 and the parameters in the Appendix. The
new pole location is chosen to satisfy the settling time to be
10 s. The imaginary part is chosen to be slightly higher than
that of the 0.162-Hz mode. Table II shows the improvement in
the damping and settling time of the poorly-damped mode of
0.162 Hz. The controller does not affect the two other modes
negatively.

TABLE II
IMPROVEMENT IN THE CRITICAL MODES AFTER INCLUDING

COMPENSATOR IN CASE3
Case3 Case3 with comp.

ξ,% f,Hz Ts, sec ξ,% f,Hz Ts, sec

36.5 0.119 13.38 43.0 0.112 11.95
42.8 0.138 9.73 42.7 0.138 9.73
16.0 0.162 24.25 28.2 0.199 10.88
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Fig. 15. Theoretical and actual ∆PLi−Vver characteristics with and without
damping controller.

D. Improvement in Vernier utilization

As shown in Fig. 14, the rectifier-side Vernier voltage VverR
hits the limit following an increase in PLi by 52 MW when
no compensator is used. As a result, the AGC action is lost.
With the designed compensator, the Vernier voltage settles to
a lower value. Thus the full range of Vernier voltage can
be utilized to accommodate larger change in the load while
providing AGC action at the inverter end.

Figure 15 shows the ∆PLi − Vver characteristics obtained
from nonlinear simulations when the compensator is enabled.
It can be seen that the range of allowable ∆PLi has increased
from 50 MW to 64 MW in Case I (see, Fig 15(a)), and from
70 MW to 82 MW in Case II (see, Fig 15(b)).

VI. CONCLUSION

Some new findings and ideas relating Hybrid High Voltage
DC (HVDC) system comprising a Capacitor Commutated
Converter connected in series with a 2-stage Voltage Source
Converter called ‘Vernier’ were presented. It was shown that
the flexible voltage polarity of the Vernier leads to circulating
power, which gives extra degrees of freedom to the controls.
These were used to provide secondary frequency support in
the inverter-side grid while benefiting from constant firing
angle and extinction angle operation. The frequency support
contribution through the Hybrid-HVDC link was analytically
quantified in terms of the maximum allowable load increase
in the inverter end. This contribution and constraints relat-
ing underfrequency load shedding and system stability were
validated using nonlinear time-domain simulations. Finally, it
was shown that a damping controller designed to improve the
dynamic behavior of the system can increase utilization of the
Vernier capacity.
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APPENDIX

Test system parameters

V ariables RatingNom.Cond.

Power (MW) 1000 785
Inv. DC voltage (kV) 500 478.9

DC current (kA) 2 1.64
Inv. Vernier voltage (kV) ±40 −21.6
Rec. Vernier voltage (kV) ±40 −11.0

AC grid voltage (kV) 345 345

Transformer rating: 345/182kV ; 557MVA,
Transformer leakage inductance, Lc = 0.12 pu
DC Line parameters:
RL = 12.5 Ω, Ldc = 1.4515H, Cdc = 13.6µF
Series capacitor of CCCs: Cr = Ci = 112µF
Line impedance:
Z1 = Z2 = 2.18 + j47.59 Ω,
Z3 = Z4 = 0.012 + j0.09 Ω
Droop coefficient (in pu−MW.s) on 100MWA base:
Kgr = 166.7, Kgi = 200, Kwf = 31.4
Nominal power output (in MW ):
Pgi = 352.8, Pgr = 87.6, Pwf = 700
Inverter voltage controller gains:
K ′
pi = 187.53; K ′

ii = 6250 s−1; KverI = 1; Kγi =
1 kV/rad.s
Supplementary frequency controller gains:
Kfi = 15 kV/rad; Kc = 15.19; T1 = 0.5067; T2 = 1.326;
Rectifier current controller gains:
Kir = 187.53 kV/kA.s; K ′

pr = 6250 Ω; KverR = 1;
Kαr = 1 kV/rad.s
Damping controller parameters:
Kc = 15.19; T1 = 0.5067; T2 = 1.326

Design of lead lag compensator

The compensator has a following lead/lag structure:

H(s) = Kc
1 + T1s

1 + T2s
(14)

Considering G(s) to be the transfer functions of the plant,
the closed-loop transfer function of the compensated plant is
derived as:

Gc(s) =
G(s)

1−G(s)H(s)
(15)

The eigenvalue −0.16 ± j1.017 corresponding to 0.162Hz
mode is shifted to a new value location in the s-plane denoted
by λ0. Since λ0 satisfy the characteristic equation of the
closed-loop system (see, (15)),

H(λ0) =
1

G(λ0)
(16)

( )G s

( )H s

u y

Fig. 16. Transfer function of the plant and compensator in feedback

This can be expressed as magnitude and phase as follows:

|H(λ0)| =
1

|G(λ0)|
; arg(H(λ0)) = − arg(G(λ0)) (17)

The magnitude and phase of the compensator at λ0 (i.e.,
H(λ0)) and thus the value of time constants T1 and T2 from
equation (14) can be calculated from the magnitude and phase
of the the plant at λ0, i.e., G(λ0).
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