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Abstract—Coupling between frequency dynamics of the AC
systems on both inverter and rectifier side of LCC-HVDC with
the rectifier station operating in frequency control is studied,
along with the presence of large DFIG-based wind farms on the
weak rectifier-side grid. An averaged model with seventy nine
states, which includes dynamic models of grids on rectifier and
inverter sides, phase-lock-loop, and the wind farm is derived. To
develop a deeper understanding of the frequency dynamics, a
simplified four-state nonlinear model is proposed, which in turn
reveals a strong coupling between frequency and AC voltage at
the HVDC rectifier terminal. A firing angle correction strategy
is proposed to decouple frequency-voltage interactions, thereby
improving the frequency dynamics on the rectifier side. The four-
state model is linearized to ascertain the interaction between recti-
fier and inverter-side frequencies and analytical expression for the
frequency dynamics in terms of gains of the frequency controller
at the rectifier station is derived. Moreover, the proposed reduced-
order model shows the implications of frequency droop control
of the wind farms in improving frequency dynamics on both
rectifier and inverter sides. Expressions for ‘synchronizing’ and
‘damping torque’ contribution from HVDC and wind farm are
also established. The analytical expressions and the effectiveness
of the proposed strategies are validated through nonlinear time-
domain simulations.

Index Terms—Weak Grid, Averaged Model, Coupling, Firing
Angle Correction, Droop, LCC, HVDC, DFIG, Inertia

NOMENCLATURE

Wind farm:
Wy rotor speed
Ve wind speed
Tinecnh mechanical torque from wind
Hyyr total inertia constant of the multi-mass turbine
Kopt  constant for maximum power point tracking
Ring droop constant of the wind farm
Pwr power output of the wind farm
HVDC:

Subscripts 7 and ¢ are used for the rectifier and the inverter

R, equivalent commutating resistance
Eq.. AC-side voltage phasor magnitude
IO AC-side nominal voltage magnitude
Law /14 rectifier/inverter DC current
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Var/Vdi rectifier/inverter DC voltage

aly firing/extinction angle

a; firing angle before the correction strategy
Rg. lumped DC transmission line resistance
RH Rcr - Rci + Rdc

T g state of rectifier-station frequency controller
Ky, K; rectifier frequency controller gains
Pryvpc v rectifier-side power

Pryvpe our inverter-side power

Generators:
Subscripts 1 and 2 are used for the rectifier and
the inverter-side generators

Hg inertia constant of the AC grid
Rgov droop constant

w rotor speed

w* reference synchronous speed
Pr, load on the inverter-side
Trech mechanical torque input

I. INTRODUCTION

A significant portion of wind power generation in the US
Midwest was considered in the 2008 US Department of Energy
(DoE) report [1] due to high wind energy potential in that region.
A recent example is the Rock Island Clean Line project [2] that
proposes to deliver 3, 500MW of wind power from North-East
Iowa to Illinois and other states to the east using a 500-mile
overhead Line Commutated Converter (LCC)-based HVDC
system. In this case, the Voltage Source Converter (VSC)
technology could not match the high power rating demanded
by the wind farms. According to the information presented on
the Rock Island Clean Line project in [3], the rectifier-side AC
system has wind farms, which are connected to two 345-kV
substations. One is Substation OBRIEN, which is 6km away
and the other is Substation RAUN, which is 97km away from
the rectifier station. This is representative of a weak local AC
grid hosting a wind farm interconnection with the LCC-HVDC
rectifier station. Research on a scenario like this is of significant
importance since a growing number of systems in the US and
all over the world are experiencing interconnection of wind
farms to such remote grids. This is the subject matter of our
work as illustrated in Fig. 1.

Quite a few papers presented research on offshore wind farms
(OWFs) connected to LCC-HVDC delivery systems [4]-[13].
However, due to stringent footprint requirements, LCC-HVDC
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Schematic of the DFIG-based wind farm connected to LCC-HVDC in a weak AC grid represented by a dynamic model. The 500-KV, 1000-MW

LCC-HVDC rectifier station operates in a constant frequency control mode. Dynamic model of the inverter-side AC grid is also considered.

is ruled out, and the VSC technology is preferred for OWFs. Li
et-al in [4] presented the damping enhancement and mitigation
of the power fluctuations of a Doubly-Fed Induction Generator
(DFIG)-based OWEF. References [5]-[7] reported integration
of OWFs to the onshore grid via LCC-HVDC system and
the control coordination thereof. However, these papers did
not present any notion of the coupling between real power—
frequency (P — f) and reactive power—voltage () — V') channels
in such systems and develop further insight into the root-cause
of the dynamic behavior.

Bozhko et-al [8], [9] and Zhou et-al [11], [12] introduced
a STATCOM in the offshore platform for providing voltage
support at the PCC. Li et-al [13] developed an analytical for-
mulation of DFIG-based OWFs operating under grid-connected
mode. The contribution of this important work [13] was to
design the LCC-HVDC frequency controller. However, the
frequency dynamics of the inverter side and the coupling
phenomenon were not presented or considered.

A few papers [14]-[17] reported research on the intercon-
nection of DFIG-based wind farms with LCC-HVDC systems
for onshore applications. References [14], [15] focused on
frequency support from DFIG-based wind farms through LCC-
HVDC link to the AC grid in the inverter side. Reference [16]
oversimplified the inverter model and represented it by a DC
voltage source. Yin et-al in [17] considered a very strong grid
in the rectifier side with a synchronous generator connected to
the terminal of the LCC-HVDC station. In [18], the rectifier
station was operated with a constant frequency control and
the impacts of low inertia constant and Effective Short Circuit
Ratio (ESCR) were studied. However, the inverter-side AC
grid was modeled as an ideal voltage source. Clearly, none of
the papers have studied the effects of coupling between the
rectifier-side and the inverter-side frequency dynamics.

This paper is an attempt to provide mathematical description
of the coupling between frequency dynamics of the two AC
systems interacting through LCC-HVDC where the rectifier
side is interfaced with a weak AC system and a DFIG-based
wind farm, see Fig. 1. The HVDC rectifier station operates
in the frequency control mode as in reference [18]. To that
end, a simple four-state nonlinear model is derived which is
representative of the dynamics in the P — f channel. Therefore,

we expect the frequency dynamics obtained from the full-
order model to be similar to that of the four-state nonlinear
model. However, upon experimentation, an interesting coupling
phenomenon between the P — f and the () — V' channels is
observed. This complex P — f and Q — V interaction is not
just present within the rectifier-side AC grid, but it propagates
to both the grids through LCC-HVDC. As a result, instead of
frequency dynamics as observed in the four-state model, an
unfavorable frequency dynamics is observed in the full-order
model.

To overcome this issue, a firing angle correction strategy is
proposed, which decouples the P — f and ) — V interactions
by desensitizing the LCC-HVDC power from the AC voltage
variations at its terminals. It is shown that the correction strategy
improves the frequency dynamics of the full-order model,
which closely matches the response of the four-state nonlinear
model representing the P — f channel. The effectiveness
of the correction strategy is validated through time-domain
simulations of the full-order model equipped with correction
strategy considering various disturbances.

Further, the proposed four-state model is linearized to
ascertain the interaction between the rectifier and inverter-side
frequencies and an analytical expression for the frequency
response in terms of gains of the frequency controller at
the rectifier station is derived. The proposed reduced-order
model also shows the implications of frequency droop control
of the wind farms and frequency control of HVDC on the
‘synchronizing” and the ‘damping’ torque of rectifier-side
generator. The analytical expressions and the insights are
validated through nonlinear time-domain simulations of the full-
order model equipped with the firing angle correction strategy
considering various disturbances.

II. FULL-ORDER STATE-SPACE MODEL OF THE SYSTEM

The full-order nonlinear state-space averaged phasor model
of the power system shown in Fig. 1 is derived in the form of
the following Differential and Algebraic Equations (DAEs):

xr = xr,u,z

0= 5((x,’u,7z)) M
where x, u, and z are the state-variables, input variables, and
algebraic variables, respectively. The rectifier and the inverter-
side AC systems include synchronous generators GG; and Ga,
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which are represented using sixth-order subtransient models
along with turbines, governors, and DC1A exciters. For this
study, an inertia constant Hg1 of 1.5s and an ESCR of 0.52 are
considered to represent a weak rectifier-side AC system, while
an inertia constant Hgo of 7.0s is assumed for representing a
strong inverter-side AC grid that also includes a load center
as shown in Fig. 1. The rectifier-side AC system includes a
DFIG-based wind farm represented by an aggregated model.
The wind farm considers a two-mass wind turbine model, a
fourth order subtransient model of induction machine, and grid-
side and rotor-side converts represented by averaged models
along with inner current control loops. In addition, DC-link
dynamics and the converter tie-reactor dynamics are also taken
into account. The LCC HVDC converters are represented
by standard algebraic models, while the DC transmission
line is modeled by differential equations. As in [18], the
rectifier station operates in a frequency control mode, where
the controller parameters K,y = 0.0008 and K;; = 0.0007
are chosen, see Fig. 1. Further details of the rectifier-side AC
system and HVDC models can be found in [18] and are not
repeated here due to space restrictions.

III. PROPOSED FOUR-STATE NONLINEAR MODEL

We propose a four-state nonlinear model to help develop a
deeper understanding of the interaction between frequencies
of the rectifier-side and the inverter-side AC grids. In addition,
a complex frequency-voltage coupling phenomenon that is
propagated to both the grids through LCC-HVDC is explained
with the help of the four-state model. We also demonstrate other
applications in later sections, none of which can be achieved
with the full-order model.

The following assumptions are made while deriving the four-
state nonlinear model:

e AC network equations are not considered. Instead, real power
balance equations obeying the network structure are considered.
e The AC system losses including losses in the lines, trans-
formers, DFIG, and both the generators are neglected.

e It is assumed that the fast-acting power electronic control of
the DFIG tracks the reference electrical torque instantaneously.
e Only the swing dynamics of the synchronous generators are
considered.

e The PLL dynamics and the DC line dynamics of LCC-HVDC
are neglected, and only DC line resistance is considered.

e The inverter-side control is assumed to tightly regulate the
extinction angle at a constant value.

Unless otherwise stated, except for the notations mentioned
under the Nomenclature, the rest are standard and self-
explanatory.

With the above assumptions, the derivation begins from the
power balance equations at PCC in the rectifier side and the
load bus on inverter side as shown in Fig. 1,

Pa1+ Pwr = Pugvpc_In
Pgs + Pavpc_ovr = Pr

2

Considering the swing dynamics of the two synchronous
machines and substituting powers Pg; and Pgo based on
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the above power balance equations,

w1 = m(Pmechl - PGl)

= 2HG1w1( mech1W1 + 5+ + Pwr — Puvpc_iN)
wy = 2Hc2w2( mech2 — PGQ)

= 2H02w2( mech2wW2 + ‘=22 + Pyvpc_ovr — PL)

3)
Here, w* is the synchronous speed, w; and wo are the rotor
speeds, Rgyoy1 and Rg,,2 are governor droop coefficients, and
Hgq and Hgo are the inertia constants of generators G; and
G, respectively. State variables w; and w9 represent the angular
frequencies of the rectifier and inverter AC grids.

O Remark I: Note that the power angle (J) states are not
required in this model due to the following reasoning. Consider
a case where a load (time-varying or otherwise) is connected to
a single synchronous generator. If a classical two-state model
is used, during the process of simulation, the power angle is
generated. However, considering voltage behind the transient
reactance as the reference voltage, there is no need to use
in the dynamic simulation. Thus, in this particular situation,
0 becomes a redundant state. Similar is the situation for the
model considered in this work. It could be viewed as two AC
systems such that in each system, a generator is connected to a
(time-varying) load. Therefore, the ¢ states are not considered
in modeling. O

In order to obtain the expression for the wind farm electrical
power output, we use the assumption that the reference electri-
cal torque (T, = Koptwf) for DFIG is tracked instantaneously
by the fast acting controls. Therefore, Py r = Tow, = K Optwf’_.
Moreover, the mechanical dynamics of the wind farm can be
represented by the following equation,

—T.] 4

Here, Hy r is the total inertia of the rotor and the turbine,
and the mechanical torque input 73, depends on wind speed
V., and rotor speed w,.

O Remark II: A multi-mass model of the turbine-DFIG
interface is necessary for studying phenomena involving
the torsional mode of oscillation. Once such example is
subsynchronous torsional interaction. Such a study is not of
interest in this paper. Note that, the detailed model of the DFIG
considers a 2-mass representation - please see reference [18].
As shown in [18], the torsional mode is not observable in
the frequency dynamics of the rectifier-side. This is because
of the fast converter controls that effectively decouples the
mechanical side from the electrical side, which is a well-
understood phenomenon. Therefore, a lumped one mass model
is adequate for the four-state representation. O

d} = QHWF [Ttur(wawr)

The expressions for the DC voltages are given by,

Vdr = YorEacr COS Qi — RcrId'r (5)
Vai = VoiFaci cosyi — Reila;
where, V,, = M and V,; = 3V2BTitapi ,nq ¢

is the firing angle of the rectifier, and ~; is the extinction
angle of the inverter. Since +y; is assumed to be constant, let
Vi Eaei cos~y; = Vi and for simplicity let, R., — Re; + Rg. =
Ry . Furthermore, «, is obtained from the frequency controller
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in the rectifier station as shown in Fig. 1. Therefore we hav
0 = Qpo + Kpp(w* —wi) + Kipa,g (

where, x,; is the integrator state, K,y and K;s are tt
proportional and integral gains of the PI controller. Tt
expression for DC current is obtained as,

I _ I R (VOTE(LCT‘ cos aT_VoiEaci cos '71') — (VO’!"E(LCT' cos o, — 1
dr = fdi = Rer—Reit+Rac - Ru ¢
From above, the expressions for HVDC power inp

Prvpe 1~ and power output Py po_our shown in Fig.
are obtained as,

PH\{DC_IN = VdTIdT = IdT‘VOT‘EaCT COS_O[T - Rcrlgr

= (VorEacr}%tZS ar=Vi) Vor Eer COS 0ty — (VmEacr;%s or—Vi)®
Prvpco_ovr = Vailai = Vilai — Reil, .

— (VorEachczsar—Vi)‘/i _ (VOTEQCTI%SSO(T_W) Rci

1

H
(!
Finally, upon replacing the expressions for powers in (.
and the expression for electrical torque in (4) and including the
state equation of rectifier frequency controller, the proposed
four-state nonlinear model can be summarized as:

1

w 3
2wi1Het [Tmechlwl + Ryon + Koptwr
_ (VOTEQC7‘ COs ap .

—Vi)
o “VorEgcr €OS

(Vor Eacr cos ay —V;)?
+ R, R.,]

*7(.«)1

wy =

1
2wa Hga
(Vor Eaer cos a. —V5)
4 JorBaer coses V)
Vor Bacr cos ap—Vi)?
—QorBocr e VLR — Py
1 H
= 2Hwr [Ttur(Vwawr) -
Trp = W* — wy

[Tmech2w2 + %

gov2

Wy =

9

. 2
Wy Kopiw;]

In this paper we will present the following applications of
the proposed four-state nonlinear model:
e Application I: reveal voltage-frequency coupling phenomenon
e Application II: propose novel firing-angle correction strategy
e Application III: develop analytical insight and energy bound
on frequency deviation

IV. APPLICATION I: REVEALING VOLTAGE-FREQUENCY
COUPLING PHENOMENON

Upon deriving the full-order model and the reduced four-
state model, two experiments are performed, which reveals a
new voltage-frequency coupling phenomenon that arises when
LCC-HVDC is regulating the frequency in a weak grid i.e.,
a grid with low inertia constant and low ESCR. For these
experiments, a pulse variation in wind speed as shown in Fig.
2(a) is considered as disturbance. Figure 3 shows the variations
in F,.. and F,.; observed in the full-order model due to this
disturbance. In Experiment-1, the four-state model assumes
FE..r and E,.; to be constant, since the variations in these
variables are small.

Noting that the four-state model adequately captures the
dynamics in the P — f channel, we expect it to faithfully
represent the frequency deviations. However, it will be observed
from Experiment-I that the frequency dynamics obtained from
the full-order model, which is expected to follow the four-state
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Fig. 2. Experiment-I: Comparison between the four-state nonlinear model and
the full-order model responses following a pulse change in the wind speed.
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Fig. 3. Variations in the voltages at rectifier and inverter AC buses during the
disturbance in wind speed, as obtained from the full-order model.

model’s frequency dynamics; is out of synch and is worse in
the rectifier side. It is logical to assume that such a deterioration
in the frequency dynamics of the full-order model could be
arising from the variations in E,.,. and E,.;, which in turn
can be treated as disturbance input hampering the performance
of the rectifier-side frequency regulator.

To prove the above assertion, in Experiment-II, these
variations are fed from the full-order model to the four-state
model as shown in Fig. 4. It will be shown that the same
unfavourable frequency dynamics are also observed in four-
state model upon introducing these disturbances. Finally, based
on these experimental results three conclusions will be drawn.

Experiment-Il

), @,

Wy, @,
Figl 4. Schematic of simulation Experiment-II considering variations of Eqcr

and Egc; from full-order model and feeding as input to four-state nonlinear
model.

Full-order nonlinear
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mod el
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Fig. 5. Experiment-II: Similar unfavorable frequency dynamics as in the full-
order model is obtained from the four-state model when the voltage variations
are fed back from the full-order to four-state model as shown in Fig. 4.

A. Experiment-1: Without E,.. and E,.; Variations in Four-
state Model

Since the variations in F,.,. and E,.; are small, both are
assumed to be constant at their pre-disturbance steady state
values in the four-state model. Figure 2(b) shows the frequency
dynamics of the four-state nonlinear model, which are expected
in comparison with the unfavourable full-order model dynamics.
We note that this unfavourable dynamics is particularly in
relations to the frequency nadir, which is of major concern to
the system operators. Despite the good match in the variation
of Py r (Fig. 2(c)), there is discrepancy in power flowing
through HVDC at the rectifier as shown in Fig. 2(d). Therefore,
this HVDC power discrepancy could be the reason behind
an unfavourable frequency dynamics in the full-order model,
which could be caused by the variations in E,., and E,.;. To
verify this, Experiment-II is performed as described next.

B. Experiment-II: with E,., and E,.; Variations in Four-state
Model

In this experiment, the variations of F,.. and E,.; that are
obtained from the full-order model are fed to the four-state
nonlinear model as shown in Fig. 4. It can be seen from Fig.
5(a) that the unfavourable frequency dynamics of the full-order
model are replicated by the four-state nonlinear model. Also,
power flowing into the HVDC rectifier shows similar variations,
see Fig. 5(b). This implies that feeding the disturbances i.e.,
FE.. and E,.; variations into the four-state model affects the
frequency regulator in the four-state model in the same way
as the full-order model.

C. Analysis of Voltage-Frequency Coupling

Three important points can be concluded from the above
experiments especially for a weak grid with low inertia constant
and low ESCR,
1. The frequency dynamics of the system are governed by
equations (3), which are dependent on the real powers. However,
the HVDC real power is sensitive to voltage variations at the
rectifier and inverter buses. The voltage variations depend on
the reactive power flow. The reactive power consumed by the
HVDC rectifier depends on «,., which in turn is dependent on
w1. Therefore, the P — f and the QQ —V dynamics are strongly
interdependent in such weak grids and this complex coupling
phenomenon is transferred to both AC grids via HVDC.
2. As observed from Fig. 2, the frequency deviation in the
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rectifier side is much less in the four-state model, which
considers only the P — f dynamics as compared to the full-
order model. Clearly, unfavourable frequency dynamics are
caused by the complex coupling phenomenon explained above.
Therefore, it is logical to conclude that desired dynamics of
rectifier-side frequency can be achieved for a given set of
frequency controller gains of HVDC if the P — f and the
@ — V dynamics can be decoupled by some means.

3. The decoupling would involve desensitization of real power
going into HVDC rectifier from the rectifier and the inverter bus
voltage variations. We propose to achieve this by a correction
strategy, which is described next.

V. APPLICATION II: PROPOSED FIRING ANGLE
CORRECTION STRATEGY

In order to decouple the P — f and the Q — V' dynamics, a
new firing angle correction strategy is proposed. The aim is to
make a correction to firing angle «, such that the HVDC power
becomes insensitive to the F,., and E,.; variations. In case of
the four-state model with the assumption of constant rectifier
and inverter AC voltages equal to their respective nominal
values, the HVDC power at the rectifier-end is given by,

* _ (VorE?_ cosar—VP) 5 0 .
Phvpe v = 'i”RIa +—2Vor By, cOS v 0
(Vor EC . cos al—V2)? (10)
- R2 RCT‘
H
where, E?, is the nominal voltage at the rectifier bus. Also,

acr
V9 =V, EY . cosv!, where E?; is the nominal voltage at the
inverter bus and 7? is the constant extinction angle maintained
at the inverter-end. o) is the firing angle output of the
frequency controller at rectifier. We can argue that Py pe jn

is the desired rectifier-side power, which is insensitive to the

variations . and
varraHoRSH—+E—aha—+Hge-
~ 0
a)l a’” *
* al’
@ > Q>
Aa v
r Aca,
Rectifier frequency controller
"
* Power PHVDCfIN
ar
calculation
X -1 3
cos” =0
ar
Firing angle correction

Fig. 6. Schematic of the firing angle correction strategy with o), Fgcr and
14, as input.

In actual case, due to variations in F,., and F,.;, for any
a,- the rectifier-side power is given by,

— — 1/ 2
PHVDC_IN = Vdr-[dr = IdrvorEacr COS i — Rcr-[d7-

(1)
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Equating the above expression to Pfy po ;v and solving for
o, we obtain a firing angle, which when input to HVDC
ensures that the rectifier-side power is Py po 7. It implies
that this power is insensitive to voltage variations at rectifier
and inverter buses. Upon solving, the expression for . is
obtained as,

* 2
Qa, = COSfl(PHVDCJN‘*‘RcrIdr)

LarVor Bacr (12)

The control block diagram of the proposed firing angle
correction strategy along with the rectifier frequency controller
is presented in Fig. 6. Please note that only locally measured
signals F, ., and I, are used — there is no need to communicate
FE,.; from the remote inverter station.

A. Results & Analysis
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Fig. 7. Improved rectifier frequency dynamics obtained by implementing the
firing angle correction strategy in the full-order model as shown in Fig. 6.
Response from the four-state model with constant Eqcr and Egc; is also
shown.

1) Effectiveness of Proposed Method: Figure 7 (a) shows
the reduction of the nadir and improved tracking of the rectifier-
side frequency when the firing angle correction is applied. The
same disturbance in wind speed as shown in Fig. 2 (a) is
considered and the same PI controller gains are used in both
cases. Figure 7 (d) shows the variation in the controller output
o and the actual firing angle «,-, which is obtained by adding
the correction term Aq,. to the controller output, see Fig. 6.

Figure 8 shows the frequency dynamics in the rectifier and
the inverter side following a self-clearing fault in the rectifier-
side AC system. Note that self-clearing fault implies that the
fault does not need to be cleared by opening a circuit breaker,
thereby separating an element (e.g. line, transformer, etc.). Such
faults get automatically cleared, and are the most common type
of faults. Also, plots of E,., and E,.; are shown in Fig. 9 for
more clarity. It can be clearly observed that the firing angle
correction strategy is quite effective in improving the tracking
performance of the rectifier-side frequency controller.

It can be seen that the improvement in the response of the
rectifier-side frequency comes at an expense of slightly worse
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Fig. 8. Improved rectifier-side frequency dynamics following a self-clearing
fault in the rectifier-side AC grid upon implementing the firing angle correction
strategy.
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Fig. 9. Voltage variations after self-clearing fault in the rectifier-side AC
system: (a) at the rectifier bus and (b) at the inverter bus. Rectifier is equipped
with the firing angle correction control.

nadir of the frequency in the inverter-side AC system. However,
a careful look at the response of f, reveals that firing angle
correction brings this frequency back to the nominal value
faster following both disturbances.

38
= ——load variation
= 361 .
3 (2)
S 34 i
. . . .
0 0.5 1 1.5 2 2.5
! ! ! |
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£ 59.98[ AN —— fi four-state 1
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N 60fR.
= X —— fi full-order
2 59.9 - \§\§ - — f, full-order (¢)
5] Sa — f four-state
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Fig. 10. Model validation for two scenarios. (i) Load change: (b) comparison
of frequency deviation in the rectifier and the inverter-end following a change in
real power consumption at the rectifier bus shown in (a). (ii) Generation change:
(c) comparison of frequency deviation in the rectifier and the inverter-end
following a 10 % step reduction in GG1’s torque at t = 0.1s.

2) Modeling Adequacy of Four-State Model: Figure 7 shows
a good match between the response of the four-state model
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with constant E,., and E,.;, and the response of the full-order
model with firing angle correction for wind speed variation.
Also, a good match in frequency dynamics as shown in Fig. 10
(b) is obtained following a change in real power consumption
at the rectifier bus highlighted in Fig. 10 (a). Similarly, a good
match as shown in Fig. 10 (c) is obtained following a 10 %
reduction in generation on the rectifier side. Therefore, the
proposed four-state model can adequately capture the frequency
dynamics of the full-order system for disturbances like, wind
speed variations, generation and load changes, when the full-
order or the actual system is equipped with the firing angle
correction strategy. However, for large disturbances, like AC-
side fault, DC-side fault, loss of generation, etc. a detailed
modeling is essential. Nonetheless, the frequency dynamics is
improved even for disturbances like AC-side fault, see Fig. 8,
by implementation of the correction strategy, which is inspired
by the four-state model.

From now on, unless otherwise stated, all the time-domain
responses will be presented from the full-order nonlinear model
equipped with firing angle correction.

VI. APPLICATION III: ANALYTICAL INSIGHT & ENERGY
BOUND ON FREQUENCY DEVIATION

The proposed four-state nonlinear model can be linearized to
develop fundamental analytical insights that are not obtainable
from the full-order linear model. Note that the four-state model
is representative of the full-order system with firing angle
correction.

A. Analytical Insight I: Decoupling of Rectifier-side Frequency
Dynamics from Inverter-side Disturbance

The nonlinear state equations of the form & = f (z,u) in
section II are linearized around the nominal operating point to
obtain a linear state-space model of the form, & = Ax + Bu.
For linearization, torque references of both the generators, load
on the inverter side, and wind speed are considered as input.
Therefore, x and A are obtained as,

Awy aj; +a 1 Kpy 0 a3 a,Kif
o Aw2 A= aélef a2 0 a’24Kif
Awy ’ 0 0 as33 0
Axrf 41 0 0 0
(13)
Also, © and B are obtained as,
A/1—1me¢:hl bll 0 0 0
| ATlpeeh2 | o | O baa 0 bog
w= AV, B=1 0 0 bss 0 (19
APy, 0 0 0 0

Analytical expressions for the elements of the A and the B
matrices are presented in the Appendix. The dependence of the
terms of A matrix on the proportional (K, ;) and the integral
(Kif) gains of the frequency controller at the rectifier station
is shown. From the locations of zeros in the A and the B
matrices, we can develop the following fundamental insights:
e The dynamics of w; is dependent on w1, w,, and x, s, which
are not affected by variations in ws. Therefore, disturbances
on the inverter side does not directly affect wq, unless F,; is
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TABLE I
PER-UNIT ENERGY BOUND ON Aw; AND Awg FOR DIFFERENT PI GAINS

[ PI gains, pu H bound: Aw; [ bound: Aws ]
Kp; = 0.0004, K;; = 0.00035 0.0161 0.0656
K,y =0.0008, K;y = 0.0007 0.0088 0.0656

so much out of range that the firing angle correction strategy
fails.

e Based on the above, since changes in 7},..n2 and Pp, cause
variation in ws, they do not affect the dynamics of w;. Notably,
dynamics in wy is dependent on wy and x,y. Therefore, as
far as the frequency dynamics is concerned, the firing angle
correction is allowing a one-way propagation of disturbance
from the rectifier side to the inverter side, while firewalling the
return path.

e The above is not true for LCC-HVDC when traditional
current order control is present at the rectifier-side. In presence
of sufficient reactive power compensation and traditional current
control in the rectifier-side, there will be no one-way coupling
from the rectifier-side frequency dynamics to the inverter-side.
This is well-known, and can be found from literature; one of
the early examples being [19].

B. Analytical Insight II: Per-unit Energy Bound on Frequency
Deviation

From the matrices A and B, transfer functions between Aw;
and AV, and between Aw, and AV,, are derived as,

Awi(s) _ b3zaizs

AViy(s) = (s—ass)[s(s—aj;—al; Kpg)—asray, Kif] (15)
Aws(s) _ bszais(azistabyaa1 K, )

AV (s) — (s—a22)(s—ass)[s(s—aj; —ay Kps)—as1a), Kif]

Using the transfer functions we can determine the H, norm,
which gives us a bound on the per unit (pu) energy of the
variation in frequencies of the rectifier-side and inverter-side
grids for a unit variation in energy of the wind speed in m/sec.
Table I shows that the pu energy bound on Aw; is lower when
higher gains are used for the frequency controller while the
pu energy bound on Aw, remains unchanged.

Magnitude (dB)

-200
180

-180

Phase (deg)

-360 = I I I 1
107 102 107 100 10' 102
Frequency (rad/s)

Fig. 11. Bode plot of the transfer functions from wind speed to w1 and wa.
Also, Fig. 11 shows the bode plot of the two transfer
functions with nominal values of K, and K. Please note that
frequency-domain analysis is now being considered. Therefore,
the input, which is the wind speed variation is in frequency-
domain i.e., the Fourier transform of the wind speed variation,
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Fig. 12. Effect of increasing PI gains (Table I) in the frequency controller at
the rectifier station: response from full-order model with firing angle correction.

is taken into account. Also notice that the energy bound
(H oo norm) on the variation in wy is the DC gain (maximum
magnitude) of the transfer function ﬁ‘?( *).This shows that:
e Very low frequency (less than 0.1Hz) variations in wind
speed affects the rotational kinetic energy of the generator
on the inverter side, while the rectifier frequency remains
unaffected.

e We observe a crossover around 0.1Hz frequency. This implies,
wind speed fluctuations at higher than 0.1Hz frequency will
affect f; more than fs.

Figure 12 shows that the rectifier-side frequency dynamics
improves when higher PI gains are used, see Table I. The same
pulse change in the wind speed as in Fig. 2 (a) is applied as the
disturbance. However, a high gain controller leads to higher
loop transfer function, which negatively impacts the robust
stability due to system noise, and uncertain and un-modeled
plant dynamics when operating conditions change. Also, it
leads to higher control effort. Moreover, this does not improve
the inverter-side frequency dynamics. In order to improve the
frequency dynamics on both the grids by using low PI gains,
droop control of wind farm is considered, which is described
next.

C. Analytical Insight III: Droop Control of Wind Farm

Usually, frequency droop control in wind farms will need
a deloaded operation. However, with the frequency controller
at the rectifier station maintaining the frequency at a constant
value in steady state — the frequency droop control is effective
only under dynamic condition. Therefore, it is not essential to
operate the wind farm in deloaded condition.

For implementing the droop control the electrical torque
reference of the DFIG is modified as,

.
w* —wy
2
T = Kopw? + ——-

€

16
Rwind ( )

where, Ry inq is the wind droop constant. In the full-order
model w; is measured using the PLL located at the DFIG bus,
which usually measures angle of the voltage for DFIG controls.
Also, for the four-state model the wind farm electrical power
output is modified as Py p = T, w;.

With the new four-state nonlinear equations, upon lineariza-
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Fig. 13. Impacts of frequency control of rectifier station and frequency droop
control of wind farm on damping torque and synchronizing torque of G1.

tion we get the A matrix as,

ai + a5 — Rmm,, +anKpy 0 arz ayKig
A= Kpf as2 0 a’24Kif
a31 med 0 ass 0
41 0 0 0
a7

while, B, x and u remain the same. Also as explained in section
VI-A, based on the zeros in the A matrix, HVDC is acting as
a one way firewall thereby, protecting the rectifier-side grid
from the disturbances in the inverter-side grid. With this, the
following new insights can be derived:

e In the previous case dynamics of w, was decoupled from
other dynamic states. In presence of droop control, the wind
farm’s rotor dynamics gets coupled with w; and in turn with
the rectifier station PI controller dynamics as well. This is due
to the term a’31 o 1 " appearing in the A matrix.

e A term af; o L is appearing in the A matrix, which could
improve the dynamlcs of wy. Improvement in w; could possibly
improve the dynamics of wy as well. Note that this improvement
in the dynamics is obtained without the deloaded operation of
the wind farm.

In the case of droop control of wind farm, from the matrices
A and B, transfer functions between Aw; and AV,,, and
between Aws and AV, are derived as,

A("-’1 (S) — bszaizs
[s(s—a11)(s—a33)—saizaz1—(s—a33)a14a41]
_ 33013 (a215+0a240a41

- (S—G22)[S(S—au)(s—GSS)—Samam —(S—a33)1l14a41] 18)

Note that by setting as; to ‘0, transfer functions presented in
(15) are obtained. Please see Appendix for parameters.

Awg ((s))
Vi (s)

S

TABLE 11
DAMPING TORQUE COEFFICIENTS K4 OF G
[ PI gains, pu Ruyina || Ka ]
K, — 0.0001333, K;; = 0.0001167 5 14.5299
K,y =0.0008, K;y = 0.0007 no droop || 10.3209
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D. Analytical Insight IV: Synchronizing and Damping Torque

The state variable x,.; is obtained by integration of w* —
w1, s0 Az, s represents A of the machine. Therefore, from
the first row of the A matrix, we have 2Hg1a/, KAy as
the additional synchronizing torque and 2H¢qa’; KprAw; as
additional damping torque from the rectifier frequency control,
and 2H ¢ af; Rwlmd Aw; as another additional damping torque
from frequency droop control of wind farm — see Fig. 13. The
increase in damping torque contribution from G; in presence
of droop control will further enhance damping, which will be
shown later.

VII. RESULTS & ANALYSIS

In order to improve the frequency dynamics in both the grids,
droop control of wind farm is considered in this section. As
before, the results are demonstrated using the full-order model
equipped with firing angle correction strategy. Lower gains of
the frequency controller were chosen when droop control is
used, so as to match the frequency nadir in the rectifier side

in the absence of droop, see Table II.
19.2 F T T T 5

——no droop (K,; =8x 1074, K;; =7 x107%) |

—with droop (K,; = 1.333 x 104, K,; = 1167 x 10~ (3)

(OF

599 - b

0 10 20 30 40 50 60
time, (s)

Fig. 14. Frequency dynamics due pulse reduction in wind speed, presenting
improvement on both inverter and rectifier sides dynamics upon implementation
of the frequency droop control in wind farm.

Figure 14 presents the dynamics following a pulse reduction
in wind speed, as shown in Fig. 2 (a). It is clear from Fig. 14
(b) that the frequency nadir on the rectifier side is the same with
and without frequency droop control of wind farm. However,

(a)

s (m/sec

—— fluctuating wind speed

19.2

T 1ol 1
:':j/ 18.8 (b>*

;e ——no droop(K,; = 8e-4, K;; = Te-4) ]
12; ! . with drogp(K,; = 1.333¢-4, Kiy = 1.167c-4)]

60.1 T T T T T

0 5 10 15 20 25 30 35 40
time, (s)
Fig. 15. Frequency dynamics due to fluctuations in the wind speed.
Improvement on inverter-side dynamics, upon implementation of the frequency
droop control in wind farm.
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Fig. 16. Improvement in frequency dynamics following a rectfier-side self-
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farm. Improved damping in fo is observed with droop.
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Fig. 17. Variation in powers of: (a) Wind farm, (b) HVDC rectifier-side
input, (c) Rectifier-side generator and (d) Inverter-side generator following
a rectifier-side self-clearing fault. Improved damping in Pgo with droop is
observed.

Fig. 14 (c) shows that the frequency nadir on the inverter
side is improved with the implementation of the frequency
droop control of the wind farm. Similar observations can be
made when fluctuating wind speeds as shown in Fig. 15 (a)
is considered. This is because the frequency nadir is of more
concern than the frequency overshoot to the system operators as
it directly affects under-frequency tripping. Therefore, a zoomed
portion of the rectifier-side frequency nadir is presented in Fig.
15 (c) to prove that the nadir is almost the same with or without
frequency droop control. However, frequency dynamics on the
inverter side (Fig. 15 (d)) is improved with frequency droop
control of wind farm. Lower PI gains are used in presence of
frequency droop control. As a result, the variations in firing
angle («,-) is less when droop control is applied, see Figs 14
(a) and 15 (b).

Figure 16 shows the frequency deviation following a high
impedance self-clearing fault in the rectifier-side AC system.
Although, during the fault the responses are the same, after the
fault is cleared, the frequency excursion on both rectifier side
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and inverter side are more contained in presence of frequency
droop control as shown in the zoomed part of Fig. 16. Figure 17
shows different system variables following the fault. Improved
system damping is observed from Pgo as well as fs in Fig.
16 in presence of droop control. This is in-line with damping
torque analysis of section VI-D and calculated values of K
presented in Table II. Note that the source of system damping
is the damping torque contribution from generators. In this case,
damping torque contribution from G1 increases in presence
of droop control, thereby improving the system damping ratio.
This gets reflected in the entire system response, which is not
just confined to the rectifier-side. As a result, improvement is
also observed in the inverter-side response, like Pgo and fs.

VIII. CONCLUSION

A fourth-order nonlinear dynamic model of AC grids in
rectifier and inverter side of LCC-HVDC interfacing a DFIG-
based wind farm was proposed. The proposed model considered
coupling between frequency dynamics of the weak rectifier-side
system with the inverter-side grid where the rectifier operates
in frequency control mode. This model revealed a complex
coupling between frequency and voltage in the rectifier side
which propagates to the inverter end, thereby, deteriorating
frequency dynamics. A firing angle correction strategy was
proposed to desensitize the frequency dynamics from voltage
to improve the performance. Further, a reduced-order linearized
model developed fundamental insights including synchronizing
and damping torque contributions from HVDC, energy bound
on frequency deviation, and a unidirectional rectifier-inverter
frequency coupling. Frequency droop control of wind farm
showed improvement in both the rectifier and inverter-side
frequency dynamics. The proposed four-state model has poten-
tial applications in sophisticated control design. For example,
this reduced-order model can be useful while applying most
of the modern control theories (e.g. LQG, LQR, H .., model
predictive controls, etc.) where the controller could have at
least as many states as the plant.

APPENDIX |
O Inverter-side system: Hgy = 7.0s, Rgop2 =

0.005(Hz/pu — MW), P, = 1700MW, nominal Pge =
774.01 MW and rating of Go = 900M W,

O The expressions for the terms in the A and B matrices are
presented below (superscript ‘0’ denotes nominal condition):
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