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Abstract—Although virtually every overhead HVDC line is
based on LCC technology, hardly any work has been reported on
modeling and analysis of the impact of inertia and effective short
circuit ratio on control of frequency in weak grids interfacing
LCC-HVDC and onshore DFIG-based wind farms. This paper
develops a comprehensive modeling and stability analysis frame-
work of a weak grid that interfaces an LCC-HVDC station and a
DFIG-based wind farm. To that end, a nonlinear averaged phasor
model of the system is derived, which is then benchmarked
against a detailed switched model. The averaged model is
linearized to design a frequency controller for the LCC-HVDC
rectifier station. Participation factor and eigenvalue sensitivity
measures indicate that the AC system electromechanical mode
and the ‘HVDC PLL’ mode are highly sensitive to changes
in Effective DC Inertia Constant and Effective Short Circuit
Ratio, respectively. Root-locus analysis in a progressively weak
grid validates these results. A systematic design process of the
frequency controller parameters reveals a negative interaction
between the ‘generator speed-HVDC PLL-frequency controller’
mode and the ‘DFIG-GSC controller’ mode.

Index Terms—Weak Grid, Averaged Model, Participation Fac-
tor, Eigenvalue Sensitivity, ESCR, HVDC, DFIG.

LIST OF NOTATIONS

Wind farm:

Si slip

L,, mutual inductance

Tms magnetizing current

K. droop constant in RSC voltage controller
Wel base angular electrical speed

Ot shaft angle of twist

T turbine mechanical torque input

R turbine radius

oIV air density/wind speed

Cen/Ksp  drive-train damping coefficient/ shaft stiffness
H,/H, generator/turbine inertia constant

igs/lds q/d-axis stator current

wr_dfg/wy  generator/turbine rotor speed in p.u.

€us/ €s q/d-axis stator transient e.m.f.

Cpopt/Aopt optimum power coefficient/tip-speed ratio
Rsy/Lys  GSC filter resistance/inductance

Ry./Lgr  RSC filter resistance/inductance

R,./Rs rotor/stator resistance
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L,/L rotor/stator leakage inductance
Lyl Lypro RSC current controller states
Tgl,Tg2 GSC current controller states

iqg, Vgg/tdg, Vdg q/d-axis GSC current, voltage

HVDC:
Subscripts r and ¢ are used for the rectifier and the inverter
B number of bridges

R. equivalent commutating resistance

Eq. AC-side voltage phasor magnitude

T/tap converter transformer turns/tap ratio

Tar/La; rectifier/inverter DC current

Var [ Vi rectifier/inverter DC voltage

a/y firing/extinction angle

ZTp1/Tin state of current/extinction-angle controller

Kyr, K; rectifier current controller gains

Ky Ky inverter extinction angle controller gains

Ky, K; rectifier frequency controller gains
Miscellaneous:

Hy. effective DC inertia constant

Hgypig effective inertia constant of AC grid

wo synchronous frequency in p.u.

w estimated frequency from PLL1

Kp—pll7 Ki—pll PLL gains

I. INTRODUCTION

HE 2008 US Department of Energy (DoE) report [1]
T studied 20% wind-power penetration in the US Eastern
Interconnection where a majority of the wind farms (WFs)
were concentrated in the Midwest region due to high wind
energy potential. In the Joint Coordinated System Plan (JCSP)
report [2], Line Commutated Converter (LCC)-based HVDC
systems were proposed to transmit power from these WFs to
the load centers in the East. The Voltage Source Converter
(VSC) technology was ruled out since it suffers from lower
efficiency and can not match the power rating (a few GWs)
of such large WFs.

Grids, where such remote WFs are interconnected, are
usually ‘weak’ in nature as indicated by two measures [3]:
(1) low Effective Short Circuit Ratio (ESCR), and (2) low
Effective DC Inertia Constant (Hg.). The ESCR is defined
as the ratio of the short-circuit MV A of the AC system along
with HVDC filters and cap-banks to the MW rating of the
HVDC link. The Effective Inertia Constant H,. is defined as
the ratio of the total rotational inertia of the AC system in
MW-s to the MW rating of the HVDC link. Typical weak
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grids have ESCR less than 2.5 and Hg. less than 2.0 [4].
Development of a fundamental understanding of the impact
of Hy. and ESCR on control of frequency in weak grids
interfacing LCC-HVDC and DFIG-based WFs is the subject-
matter of this paper.

A lot of work has been done on the offshore wind farms
(OWFs) connected to LCC-HVDC delivery systems [5]-[14].
Li et-al in [5] presented the damping enhancement and
mitigation of the power fluctuations of a DFIG-based OWF.
Traditional vector control used for DFIGs is applied along
with current control in LCC-HVDC rectifier, which raises
fundamental questions. It is unclear how the authors propose
to use AC voltage control instead of flux control for DFIG
without any voltage support at the PCC. It is also unclear
how the system without the PID controller is working since
a current control in the HVDC rectifier will not be able to
coordinate with the power control in DFIG. Moreover, the
paper did not consider any PLL dynamics, which play an
important role in such studies.

References [6]-[8] reported integration of OWFs to the
onshore grid via LCC-HVDC system and the control coordina-
tion thereof. In absence of any grid support, the DFIG controls
were modified to supply isolated loads as was originally
proposed in [15]. However, due to stringent footprint require-
ments, LCC-HVDC is ruled out, and the VSC technology is
preferred for OWFs. Moreover, these papers did not present
any modal analysis to develop further insight into the root-
cause of the dynamic behavior.

Bozhko et-al [9], [10] and Zhou et-al [11], [12] introduced
a STATCOM in the offshore platform for providing voltage
support at the PCC. This further increases the real-estate in
the offshore platform and therefore is not practical. Moreover,
these papers ignored the modeling and control of DFIGs and
represented them by controllable current sources. The inverter
was modeled by a constant DC voltage source in [9], [10]
that rules out any study following inverter-side disturbances.
On the other hand the reason behind choosing the onshore
self-commutated CSC over VSC proposed in [11], [12] is
also unclear.

Li et-al [14] developed an analytical formulation of DFIG-
based OWFs operating under grid-connected mode. The contri-
bution of this important work was to design the LCC-HVDC
frequency controller, albeit with a few limitations: (a) The
formulation was oversimplified as it neglected the converter
commutating reactance and represented the inverter-side by a
DC voltage source. (b) The more viable scenario of onshore
WFs connected to weak grid was not considered. As a result,
the impact of ESCR and Hy. on the system performance
was not analyzed. (c) The DFIG controller dynamics including
corresponding PLL were not explicitly considered.

A few papers [16]-[19] reported research on the intercon-
nection of DFIG-based WFs with LCC-HVDC systems for on-
shore applications. References [16], [17] focused on frequency
support from DFIG-based WFs through LCC-HVDC link to
the AC grid in the inverter-side. Reference [18] oversimplified
the inverter model and represented it by a DC voltage source.
Yin et-al in [19] considers a very strong grid in the rectifier-
side with a synchronous generator connected to the terminal
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of the LCC-HVDC station.

A detailed literature review shows that none of the papers:
(a) Considered the more viable scenario of onshore WFs
connected to weak grid. As a result, the impact of FSCR
and Hy. on the system performance was not analyzed. (b)
Presented a comprehensive nonlinear state-space modeling
framework for such systems. (c) Attempted to benchmark such
models with detailed EMT-type models, and (d) Presented
a stability analysis framework that can perform root-cause
analysis of dynamic performance and analyze interaction of
various control loops in the system with the variation of system
parameters.

In this paper, a comprehensive modeling and stability anal-
ysis framework is proposed to overcome these gaps, which
reveals how ESCR and H,. affects the frequency control in
a progressively weak system in addition to the negative in-
teraction between the ‘generator speed-HVDC PLL-frequency
controller’ mode and the ‘DFIG-GSC Controller’ mode.

The paper is organized as follows: first, the nonlinear state-
space averaged phasor model of the LCC-HVDC and the
DFIG-based WF with their controllers is derived and bench-
marked against a detailed model in EMTDC/PSCAD [20]. Fol-
lowing this, the frequency dynamics in a progressively weak
grid is analyzed using modal participation factor, eigenvalue-
sensitivity, and root locus analysis. The regulation of frequency
is improved in a very weak grid through systematic design of
the HVDC frequency controller and modal interaction analysis.
Finally, the performance of the controller under different
operating points is presented.

II. STATE-SPACE AVERAGED PHASOR MODEL OF THE

SYSTEM
In this section, the non-linear state-space averaged phasor

model of a power system with a DFIG-based WF connected
to an LCC-HVDC is derived in the form of the following
Differential and Algebraic Equations (DAEs):
xr = r,u,z

= g((x:u,’z)) 1
where x, u, and z are the state-variables, input variables, and
algebraic variables, respectively. To avoid conflicts in a multi-
vendor context the nonlinear state-space model of individual
subsystems can be directly obtained from different vendors
with access to the identity of x, u and z, and thereby, masking
the need for explicitly communicating the structure of the
controllers, etc. Figure 1 shows the schematic of the LCC-
HVDC with its rectifier operating under current control (CC)
and inverter operating under extinction angle control. Figure 2
shows the schematic of a DFIG-based WF with its components
and controllers, which is connected to the rectifier station PCC.
The PCC is a part of an AC grid modeled by an ideal source
behind impedance Z,,;4, as highlighted in Fig. 2.
LCC-HVDC: State-Space Averaged Model
The Rectifier and the Inverter stations are represented by their
respective algebraic equations:
— 3V2BTrtaprEacr

3\/§BT»JLP»E ; (2)
Vg = —=—=b=act cos vy — Reilas

The DC line is represenTtred by a T-model, which has three
dynamic states - I4., I4;, and Vy,,. The capacitor banks and

Vdr cos o, — Rerlar
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Fig. 1. Schematic of 500-kV, 1000-MW LCC-HVDC with its controllers. DFIG-based WF is connected at the PCC as shown in Fig. 2.
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Fig. 2. Schematic of DFIG-based 1000-MW WF with its controllers. The WF is connected to an AC grid at the PCC. A 500-kV, 1000-MW LCC-HVDC

rectifier station is also connected at the PCC as shown in Fig. 1.

filters at the rectifier and the inverter stations are modeled
as constant impedance loads at the fundamental frequency.
Rearranging the algebraic and differential equations, one can
derive the nonlinear state-space averaged phasor model of the
LCC-HVDC and its controllers as:

fi = = (B2} 1y, — (2 v — (42
(BT7t(lP7 achOS {KpR (I:i —Id',«) +Kinl"r1}
5.571 ;
- (& )zdz () vam
Vi
(de Idi,mil,”dnuI;y'yz"fanCi)
i1 = f =%+ Ka; (I — Lai)
Vdm = Cdc (Id”" - I‘“)

3)
Please note vg; = f (Igi, Ti1, Vam, L, V), Eaci) s obtained by
substituting the following expression in equation (2).

1 -1 6Xeim .
Vi T &, €08 (_ COSYi ¥ 35T, tap; Bags I‘“) (4)
= =g T Kai (I — L) + Ti1

The state-variables input variables wu, and the
algebraic variables z in the LCC-HVDC model are:

= Iar CCrlTIdi Til Vdm }T,
= [ I:ik ’7: } , R = [ Eacr Eaci

DFIG-based WF: State-Space Averaged Model

The WF is represented by an aggregated model (Fig. 2)
whose turbine-generator rotational dynamics is represented
by a two-mass model. The blade pitch angle is assumed
to be constant, which will be relaxed in Section VII. The
DFIG model including the controls is derived based on a
synchronous d — ¢ reference frame, rotating at a p.u. angular
frequency w, which is equal to the system frequency, and
varies under dynamical conditions. The d-axis is assumed to
lead the g-axis. The following points are worth noting:

O Stator transients of the induction machine are neglected.

O The tie-reactors of the VSCs, DC-link dynamics, and the
PLL dynamics are included in the model (Fig. 2).

O Standard vector control approach was considered for both
rotor-side converter (RSC) and the grid-side converter (GSC)
controls, as mentioned in [21]. For Maximum Power Point
Tracking (MPPT) and stator terminal voltage control for the

Zz,

}T
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K

RSC (see Fig. 2), the stator flux is aligned with the g-axis.

For DC wvoltage control and reactive power control of the
GSC (see Fig 2), the stator terminal voltage vector is aligned
with the g-axis.

O Due to space restrictions, only the final state-space model
is presented in a compact form in Appendix L

O The PLL model [22] is shown in Fig. 3. This model was
used for PLL2 shown in Fig. 2 The state-equations are
described in equation (35).

él = _Kp_p[iél. +ﬁ1:p[i{1} + Kp_pil'ai + who
ip{[g_._] = _K':_pﬂﬂl + Kl_puﬂl.
The state-variables =, input variables u, and the algebraic
variables = in the DFIG-based WF model are:
I = | We dfg Lt [ iqa s E’:;?B E’da Ims '1-'3.-_-' n
igg idg Trrl Tpr2 Tgl Tga [ Tpiiiz) t'ag IuIr
u=[Vo 3| (%) Qe 617 z=[lvs| vsl”

(&)

Here, ij,. and r, are the state-variables of the DC-link voltage
controller with gain K. which was not described in the
model due to space restrictions.
AC Network Model
The AC nefwork is modeled algebraically using a Y -bus
matrx. The set of algebraic equations

0= [I] - [Y&un][l’ius] (6}
is solved at each solution time-step. It takes the current
injection vector [I| from HVDC, WF, AC source. and the
capacitors and filter banks as the input, and generates node
voltage vector [V as output. To build confidence in the
accuracy of the model, its performance is benchmarked against
a detailed model built in EMTDC/PSCAD. as described next.

III. BENCHMAREKING WITH DETAILED MODEL

The state-space averaged model developed in the previous
section was benchmarked against a detailed three-phase model
in EMTDC/PSCAD that considers converter swifching As
mentioned before, the AC grid connected to the PCC (see
Figs. 1 and 2) in this simulation was modeled using an ideal
source behind an impedance. The accuracy of the state-space
averaged mode] has been validated with the following dynamic
response of the system:
Case 1: The response of the system after a step-reduction in
the current reference of the recfifier current confroller which
excites the LCC-HVDC dynamics is shown in Fig 4.
Case 2: Fig 5 shows the system response after a step-
reduction in the wind speed, which excites the WF dynamics.
Case 3: In this case a pulse change in rectifier-side grid
voltage is applied and the system response can be seen in
Fig. 6.
All the responses from the averaged model and the detailed

hitp:/fdx.doi.org/10.1 108/ TPWRDL2016. 2607205

model match closely, and thus validates the accuracy of the
state-space averaged model

Detailed Model
—Averaged Model

15 1505 151 1515 152 1525 153

time |[s]
Fiz. 4. Dhnamic response of the system followmg a step-reduchion m
the current reference of the rectifier cumrent controller Fesponse im vy, is
delaved by a cycle followmg the dishorbance due to the mumimum-over-a-cycle
measurement of v, in the feedback signal see Fiz. 1.

1200~ :
. Detalied Mods!
— —Averagad Model
= 1000} ]
E
o

ano L+ - - -
— 1000 T T T
=
=
=
&,
|
- .12
=
= 018

40.2 L . L

15 20 25 a0

time [s]
Fiz. 5. Dynamic response of the system followmmg a step-reduchion m wind
speed (Vi)

Detalled Model
—Averaged Modsl |

=1
=,
B 20
=

=
o aas
B
2
=1010f 1

Enuu _/H/___

= 2E0F E
=5

15 15058 151 1515 152 1525 153
time [s]
Fiz. 6. Dynamic response of the system following a step-reduction in rectifier
side grid voltage (V).
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Fig. 7. Schematic of DFIG-based WF connected to LCC-HVDC in an AC grid represented by a dynamic model. Values of Z,.;4 can be gradually increased
and Hg,;q can be reduced to simulate a progressively weak AC system. The HVDC rectifier station operates in a constant frequency control mode.

IV. DYNAMIC MODEL REPRESENTING WEAK AC SYSTEM:
LCC-HVDC FREQUENCY CONTROLLER

After gaining confidence in the accuracy of the averaged
model, the rectifier-side AC source in Fig. 2 is replaced by a
dynamic model to simulate a weak AC grid with low ESCR
and Hy..

Dynamic Model Representing Weak AC System

Figure 7 shows the schematic of the AC system connected
at the PCC of the DFIG-based WF and the LCC-HVDC.
The synchronous generator (G5 is represented by a sixth-order
subtransient model, where the stator transient was neglected.
An IEEE DC'1A type excitation system and a turbine-governor
is also considered for the generator. The state-space represen-
tation of generators, governors, and exciters can be found in
standard texts like [3], and is not repeated here.

Frequency Control in LCC-HVDC

It is proposed that, the LCC-HVDC rectifier station operates
under a constant frequency control mode as in [14], which is
shown in Fig. 7 while the inverter-side control is the same as
discussed in Section II. The rectifier side Frequency controller
facilitates two important objectives:

O  Ensures stability in the frequency dynamics, provided the
frequency controller is designed appropriately, and

O Ensures that the power generated by the WF (P r) and
the AC grid (Pyrsq) flow through the HVDC rectifier to the
AC system on the inverter-side.

O  Ensures stable operation of the PLL in strong AC grid
scenario as well (discussed in Section VII).

The frequency is estimated at the rectifier bus using PLL1,
which has the same structure shown in Fig. 3. Usually, the
rectifier PLL is also used to calculate the zero crossing points
of the voltage waveform and thus generate the firing pulses
from the firing angle command. The nonlinear averaged phasor
model developed in this paper cannot consider such zero-
crossing points of the voltage waveform. A PI compensator is
used to generate the firing angle «,- for the rectifier to maintain
constant frequency.

Due to the introduction of frequency controller, the state-space
model of the LCC-HVDC described in equation (3) requires
modification by replacing the state-variable z,; with a new
state-variable x,.y shown in Fig. 7. The state equation for Iy,
will also be modified as shown in equation (7).

x'rf:w*—ob

P Rgc+2Rer 2 6v2 1
i = — (B2 ) Loy — (2 vam + (52) (217
X (BTrtapy) Eacr cos {aro + Kpf (W* — &) + Kipxry}

(7

V. ANALYSIS OF FREQUENCY DYNAMICS IN A
PROGRESSIVELY WEAK SYSTEM

The objective of this section is to develop a deeper un-
derstanding of the frequency dynamics of the system shown
in Fig. 7 through modal analysis when the system is made
progressively weaker by decreasing Hy. and ESCR of the
AC grid with reduction of Hy,;q and increase of Zg.4,
respectively.

The AC system frequency f is determined by the angular
speed w of the synchronous generator ;. A power-balance
equation at the PCC, neglecting losses, leads to Py r+Pyriq =
Pryac. With the g-axis aligned to the stator flux and with an
approximation E, ., ~ vfis ~ Lpimsw [14], one can write:

dw _ 3Lpmi V2 1.
T = Spmims {_T (BTrtaprlar cosar) + 5deF}w

grid
(1-w)

Rgouv

1 3,0 4 3 2
+ 2Hg,iq {qusquF + ngm‘d + ;XchIdT. +

®)

where, Pp,griq is the mechanical power input to Gi, Rgop
is the governor droop coefficient, i}y, /iy r are q/d-axis
components of total WF current iy with the g-axis aligned
to the stator flux. It is clear that the dynamics in w is
influenced by the dynamics of LCC-HVDC, WF, synchronous
generator and their respective controllers, including the PLLs.
Please note that this approximate expression is used just for
qualitative understanding. The analysis that follows does not
use such an approximation.

To perform modal analysis, the state-space averaged model
developed in Sections II and IV, which was expressed in a
compact form in equation (1), is linearized around an operating
point (z,uo, 20), see Appendix II, and expressed in state-
space form as:

At = AAx + BAu+ 1Az ©)
where, Az and A are the state-vector and the state-matrix,
respectively. The right (¢;) and the left (v;) eigen vectors
corresponding to the eigenvalues \; , ¢ = 1,2, ..., n satisfy:

Api = Nidi, ViA = N\t (10)
The k" element of the right eigenvector ¢; measures the
activity of the state variable Az, in the i*" mode while that of
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Dominant Modes aa"g dgli“
States Ai=o0; £ JWdi Hyg. | ESCR Hg. | ESCR
Gl: w, PLL1: 01, Freq Controller : ¢ —0.20 £+ 50.98 0.18 0.01 —0.64 0.02
PLL1: 6, —273.47 4+ j605.28 0.12 —84.80 —0.17 | —61.44
PLL1: pu01) —527.40 + 5531.44 0.00 2.85 0.00 —0.01
PLL2: Zpu(2) —533.10 + 5533.24 0.00 —0.00 0.00 —0.00
| GSC : iqq, Tg1 [| —516.01 £ 41357.78 ] —0.11 | 72.51 [| —0.15 | —490.69 |

the left eigenvector ¢); weighs the contribution of this activity
to the i*" mode [3].

For modal analysis of frequency dynamics in the progres-

sively weak AC system, a three-step approach is proposed:
O Step I: Modal participation analysis was performed to
figure out the nature and the root cause of the dynamic
response of frequency in a strong AC grid. It should be
mentioned that the participation matrix, P whose elements
Pri = Privir are termed as the participation factor.

Attention was paid to identify the modes with high partici-

pation from the dynamic state w and the dynamic state . of
the frequency controller. Since the frequency controller works
based on the frequency @, estimated by PLL1, it is important
to identify the modes with high participation from the states
of PLL1. Similarly, dynamic states of PLL2 should also be
considered in this study.
O Step II: Eigenvalue-sensitivity analysis with respect to
H,. and ESCR of the AC system was performed to evaluate
how the above-mentioned modes are impacted by a progres-
sively weak system. Eigenvalue sensitivity is considered as a
very important measure in the area of small signal stability,
and has been used in various applications in the past. The
1%t-order eigenvalue sensitivity is given by [23]:

i %o
or gy
where, I' is a Eystem parameter. The sensitivity was approxi-
mated by wlf;gqb where AA denotes the change in the state-
matrix corresf)(;nding to a small change in parameter I'.

O Step III: Root locus analysis was performed to observe
the eigenvalue movement as the system is made progressively
weaker by gradual reduction in Hy. and ESCR.

an

A. Results & Analysis

For the test system shown in Fig. 7, Steps I and Il were per-
formed assuming a strong nominal system with Hg4. = 5.85s
and ESCR = 4.37. The following are the key observations
from Table I, which summarizes these results:

m The eigenvalue-sensitivity was computed by reducing the
parameters H,. and ESC R. Therefore, apositive 99: indicates

o0 e
“di jpdicates

eigenvalue moving towards left and a positive <5
a reduction of the value wy;.

m The states w, 6;, and z, ¢ participate primarily in a low
frequency mode —0.20450.98. As observed from equation (8),
H .4, and therefore, H . has direct impact on this mode. This
is verified from the eigen-sensitivity values shown in Table I.
When H,. is reduced, the real part becomes slightly more
negative and the imaginary part increases significantly. This
eigenvalue has a negligible sensitivity w.r.t. the ESCR.

m The mode —273.47 + j605.28 that is dominated by the

dynamic-state 6, of PLLI, is highly sensitive to change in
ESCR and moves towards right with an increase in frequency
when ESCR is reduced. Therefore stability of such PLL-
modes sould be evaluated for weak systems.

m The states z,y; and xp;2 of PLL1 and PLL2 participate
in one pair of pole each, which are very close to each other
and are insensitive to the changes in system strength.

In Step III, the values of Hg,.;q and ESCR are reduced to
analyze a progressively weaker system. Figure 8 shows the
movement of the eigenvalues of interest. Figure 8(a) highlights
the movement of the mode —0.20 + 50.98 with reduction in
H. from 5.85s to 1.35s while ESCR remains unchanged at
4.37. As shown in Fig. 8(b), the eigenvalue —273.4747605.28
moves towards right and its frequency increases when ESCR
reduces to 0.17. There is another mode —516.01 & j1357.78
that moves a lot towards left and then turns back towards right
at very low ESCR. Participation factor analysis confirms that
this is a WF GSC mode, which is shown in Table I.

Finally, both H;. and ESCR were reduced simultaneously
to 1.35 and 0.17, respectively, which makes the system very
weak. The loci of the eigenvalues corresponding to this change
is shown in Figs 8(c) and (d). It should be noted that these
movements are all in line with the expectations from Table 1.

Hje =5.85t0 1.35, ESCR = 4.37 Hje =5.85, ESCR = 4.37 to 0.17
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Fig. 8. Eigenvalue-movement with reduction in H ;. and ESC R that renders
the system progressively weaker. (a) only H 4. is reduced from 5.85s to 1.35s
while ESCR remains unchanged at 4.37. (b) only ESCR is reduced from
4.37t0 0.17 while H ;. remains unchanged at 5.85s. (¢) H. is reduced from
5.85s to 1.35s and ESCR is reduced from 4.37 to 0.17 simultaneously. (d)
zoomed view of subplot (c).

VI. IMPROVING CONTROL OF FREQUENCY IN A VERY
WEAK SYSTEM

The system shown in Fig. 7 with Hy. = 1.35s and
ESCR = 0.17 can be considered a very weak AC system.
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TABLE II
MODAL PARTICIPATION & EIGENVALUE SENSITIVITY ANALYSIS FOR A VERY WEAK SYSTEM: NOMINAL Hg. = 1.35s, ESCR = 0.17, K,y = 0.754,
Ky = 7.54, AT <0, I.E. PARAMETERS WERE REDUCED

7

Dominant Modes aﬁ‘{ﬁ ag’lﬂi
States i =o0; £ Jwaq Kpf | K; | Kp_p” | Kae Kpf | K; | Kp_pll | Kae
w, 01, Try —0.35 £+ 52.27 —0.18 0.22 0.00 0.00 0.02 0.75 0.0 0.00
2gsy Lqgy efis, 01,241 —105.41 4+ 5793.58 122.65 | —2.06 38.05 —32.15 —150.36 | —1.27 | 153.30 | 244.27

The control of the frequency of this weak AC system is
improved considering the design of appropriate controller
parameters. To that end the following systematic procedure is
adopted:

Step A: Determine critical modes impacted by H,;. & ESCR
Two such modes are —0.20 4+ j0.98 and —273.47 4+ j605.28,
which moved to —0.35 + 52.27 and —105.41 + 5793.58,
respectively, following the reduction in Hy. to 1.35s and
ESCR to 0.17, see Figs 8(c) and 8(d).

Step B: Determine dominant participating states in those modes
Modal participation factor analysis was performed on all the
states of the system and the dominant participating states
in the modes of interest from step A are listed in Table II.
It can be seen that dominant states in the poorly-damped
mode are from G1 w, PLL1 él, Freq Controller:
2rr. The dominant states participating in the other mode
is a combination of states from DFIG, GSC, GSC current
controller, and PLLI.

Step C: Select candidate controllers using eigenvalue sensitivity
Eigenvalue-sensitivity analysis with respect to different
controller parameters was performed for these modes of
interest, which are shown in Table II. Sensitivities with
significant order of magnitudes are highlighted.

Kpp = 0.754 to 3.77, Ky = 7.54 K,y = 0.754, Ky = 7.54 to 0.038
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Fig. 9. Movement of eigenvalues with: (a), (c) increase in K¢, and (b), (d)
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-0.5 -1.5 -1

g

-0.5

The following are the key observations:

m [t can be seen that the real-part of poorly-damped 0.36 H z
mode has high sensitivity w.r.t. K,y and K. Increasing K s
and decreasing Ky will improve the damping of this mode.
A closer look at the values corresponding to the imaginary
part reveals that a decrease in K,y decreases the modal
frequency, whereas such a change is insignificant when K,y
is changed.

m Parameters K,y and K;; appear to be the the best choice

for improving frequency dynamics in the system. However,
sensitivity of the other eigenvalue —105.41 &+ ;j793.58 with
dominant participation from 4,44, €}, él,:cgl reveals
negative interaction with the mode —0.35 & 72.27 that has a
dominant participation from w, él, 2yy. This is clear from
the opposite signs of the sensitivities, e.g. —0.18 vs 122.65
for K,y and 0.22 vs —2.06 for K.

Step D: Design frequency controller using root-locus method
The controller parameters K,y and Ky are designed using
root-locus method while utilizing the eigenvalue sensitivity
information from Step C. The following steps are followed:
m The value of K,y was increased by 5-times while keeping
Ky constant at 7.54. As shown in Fig. 9(c), this improves
the damping of the —0.35 + j2.27 mode with insignificant
change in modal frequency. However, Fig. 9(a) shows that
the mode —105.41 + 5793.58 crosses into the right-half of
s-plane.

m Figure 9(d) shows that a decreasing Ky to 0.038 while
keeping K, constant at 0.754 moves the dominant pole
—0.35+32.27 towards the left and also decreases its frequency,
which is in agreement with the eigenvalue sensitivity figures
mentioned in Table II. It is also verified from Fig. 9(b) that
this change has hardly any impact on the movement of other
poles. Thus K,y = 0.754 and K;; = 0.038 are chosen as the
designed values.

=2
E 132 Kip = 7.54, Ky = 0.754
= — K =0.038, K,y = 0.754
f 13 -—-Kiy = 1.508, K,y = 1.319
12.8 : . : : ‘ ‘ ‘
0 2 4 6 8 10 12 14 16
60.1
14 16 18 20

time [s]
Fig. 10. Dynamic response of the system following a pulse-change in wind

speed. Grey trace: response with K;y = 7.54, K,y = 0.754. Black trace:
K;y = 0.038s, K,y = 0.754. Dotted trace: K;y = 1.508, K,y = 1.319.

The performance of the frequency controller is compared
against the response with the nominal values, i.e. K,y = 0.754
and K;y = 7.54. The time-domain simulations were per-
formed using the nonlinear averaged phasor model which was
presented in Sections II and IV. A pulse-change in the wind-
speed V,, is created in the test system shown in Fig. 7. Even
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though a wind pulse is unrealistic, it is nevertheless useful to
study how pole position affects overall system dynamics. The
dynamic performance of the system following this disturbance
is shown in Figs 10 and 11. With a reduction in V,,, the WF
power output Py drops and as the wind velocity increases,
it comes back to pre-disturbance value. No oscillation is
observed in Py p since the RSC controls the DFIG speed
very tightly to ensure MPPT.

2.02
:S 2~
= N Kif = 7.54, K, = 0.754
S — Kiy = 0.038, K,; = 0.7547
o ‘ ‘ ‘ | - Kir = 1.508, K,y = 1.319
0 2 4 6 8 10 12 14 16
24
D 251 - ]
=, L TR e
T o3 N ————— TR
3
925 ‘ ‘ ‘ ‘ ‘ ‘ ‘
2 4 6 8 10 12 14 16
%
= i
=
S I S S S B
0 2 4 6 8 10 12 14 16
time [s]

Fig. 11. Dynamic response of the system following a pulse-change in wind
speed. Grey trace: response with K;y = 7.54, K,y = 0.754. Black trace:
K;y = 0.038, K,y = 0.754. Dotted trace: K;; = 1.508, K,; = 1.319.
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Fig. 12. Movement of eigenvalues with (a) increase in K; to 1.319 and
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Fig. 13. Dynamic response of the system after pulse change in wind speed
with different ESCR values. Grey trace: response with ESCR = 0.52;
dotted trace: FSCR = 2.10; Black trace: ESCR = 4.37.

is clearly visible in the frequency of the system since the
generator speed w has the highest participation in that mode
(Fig. 10). The same mode is observable in the oscillations of
lder, o, and Pyiq (Fig. 11). Following the design procedure
mentioned before, the values of K;; and K, are set to 0.038
and 0.754, respectively, which improves the damping of the
concerned mode from 15% to 58%. The dynamic response
with this design are shown with black traces in Figs 10 and 11,
which confirms a much better damping. It can be observed
from Fig. 10 that this design leads to a larger dip in frequency
(59.8H z) compared with the case with poorer damping.

To address this issue, the value of Ky was increased and
K¢ decreased simultaneously. Figure 12 shows the eigenvalue
movement when K,y was increased from 0.754 to 1.319, and
Ky is reduced from 7.54 to 1.508. As shown in Fig. 12(b),
this ensures that the —105.414+5793.58 mode does not become
unstable while a 50% damping-ratio is achieved for the poorly-
damped mode, see Fig. 12(c). The dotted traces in Figs 10 and
11 show the dynamic performance with this design following
a pulse disturbance in the wind speed. Improvement in the
frequency-dip is clearly visible from the the nonlinear time-
domain simulation.

VII. PERFORMANCE ACROSS OPERATING POINTS:
INCLUSION OF PITCH CONTROLLER

To further exploit the capability of the proposed framework
the pitch angle controller is also included in the DFIG-based
WEF. The performance of the proposed controller is evaluated
under different operating points by varying the ESCR and the
wind speed.

with K;; = 7.54, Ky

0.754, where the 0.36H z-mode

m Different ESCR scenarios: Figure 13 shows the system

TABLE III
VARIATION OF MODES OF INTEREST WITH DIFFERENT OPERATING POINTS: NOMINAL Hy. = 1.355, ESCR = 0.52, K,y = 1.319, K;; = 1.508
Dominant Modes
States Vw =124 m/s | Vw =128 m/s | Vw =132 m/s | Vw =13.8 m/s | Vw =143 m/s
W, 01, Trg —0.997 £+ 51.673 —1.009 + 51.683 —1.002 £ 51.646 —0.972 £ 51.594 —0.949 £ 51.565
2gss Lqgs efis, 01,41 —75.28 £ 5620.0 —66.88 £ 7649.0 —59.07 £ 5679.0 —51.94 £+ 5710.0 —45.640 + 5742.4
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response following a pulse disturbance in V,, with increasing
ESCR. The response of frequency and [, is similar to the
previous case (Figs 10 and 11) when pitch controller was not
included.

m Different wind speed conditions: When the wind speed is
varied the corresponding modes of interest are listed in Table
III. It reveals that all the modes are stable without much
deviation in the damping ratio of the critical low frequency
mode. To validate the findings of frequency-domain analysis
the following time-domain simulations have been carried out:
Inverter-side disturbance: The dynamic response of the
system after a large disturbance on the inverter side grid
voltage (Vy;) leading to overfrequency scenario at different
wind speeds is shown in Fig. 14.

Performance under fault: When a three-phase high
impedance self-clearing fault occurs at the rectifier side AC
system, the system response under different wind speeds can
be seen in Fig. 15.

The analysis further validates the robustness of the frequency
controller for different operating conditions and disturbances
in the system.

L qQ 12 | 3 L4 5

024 026 028
T T T

2

L3 L4

0.2 022 024 026 028 03

1040
1000
960

—emV, = 132m/s |
—V, = 14.3m/s

time [s
Fig. 14. Dynamic response of the system fol{o]wing the disturbance in inverter
side grid voltage (Vg;). Grey trace: response with Vi, = 12.4 m/s; dotted
trace:Vyy = 13.2 m/s; Black trace:V,, = 14.3 m/s. (the zoomed view of
Vi, v, Pg; along with their overall view in (a), (b), and (c)).
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time [s]
Fig. 15. Dynamic response of the system following a high impedance self-
clearing fault at rectifier side AC system with ESCR = 0.52. Grey trace:

response with Vi, = 12.4 m/s; dotted trace: Vi = 13.2 m/s; Black
trace:Vyy = 14.3 m/s.
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VIII. CONCLUSION

A comprehensive modeling and small-signal stability anal-
ysis framework is developed for a DFIG-based wind farm
interfacing an LCC-HVDC station in a weak AC grid where
the HVDC rectifier operates in a frequency control mode. Par-
ticipation factor and eigenvalue sensitivity measures indicate
that the AC system electromechanical mode and the ‘HVDC-
PLL’ mode are highly sensitive to changes in Effective DC
Inertia Constant and Effective Short Circuit Ratio, respectively,
which is verified through root-locus analysis in a progressively
weak grid. A systematic design process of the frequency
controller parameters reveals a negative interaction between
the ‘generator speed-HVDC PLL-frequency controller’ mode
and the ‘DFIG-GSC controller’ mode. The designed frequency
controller operation was tested under different operating points
after including the pitch angle control in the WF model, which
further validates the robustness of the control design.

APPENDIX I
O The state-equations of generator and turbine mechanical-side:

‘:U'r_dfg = ﬁ{(_cshwelwr_dfg + Kshatw + Cshwelwt)
_ (egsiqs+efisids )}
w
W = ;Tt{(_cshwelwr_dfg - Kshatw + Cshwelwt)
+ T (R7 P Vw7w7‘_df9)}

étw = Wel (Wt - Wr_dfg)

(12)

O The induction machine and the RSC dynamics can be modeled as
follows (g-axis aligned with stator flux):

: R, +K AW K L, [ RetKpr\ 1.
zqs:(—7 L Zel—s S)qu+{ il e (—7 m)}lms

oLy ss o Lyy o Lyy
Ly, Kpr _ *1\ _ Lm Kir _ Wel
+ Lss opr KUC ( 'US| |US |) Lss oLpy Trrl Lss qu
i _ [ RBr+Kpr . Ly, Kir Kopt Kpr 1 2
tds = ( oLy tds Lss oLyy T2 Ly oLry ims wT'_dfg
o wejw KEnM‘L . e;S
€9s = 7L, m2. {==2=2 Lyrwr_apgiqs — aT,w
frhmrr 41
aLl,
Lf"'KfnTTRS ; Lf’l‘K?an /
+ R2_T lds T\ —gri T Tt St) €as
Ly K2 Krr
— gy — fmemgy )
s
2 ’
- W w _K . eq
€us = : {==2es Lprwr_apgias — o755

Lpn K2
( fTaLZnM +1
R Lf"'KfnTTRS ; Lf’l‘K?an /
- 2= aL’, tgs — al + s €qs

’
A
K’VTL’I"V‘
o Vgt }

L K2
4+ Lo mrr g, o+

7
alL’

7‘:ms = - (LZ:L) (Rsiqs + 'qu)

(I3

L?nzms

where, 2
LssKoptw,. 4 .
var = Kir&rro + Kpr' < ——rdfe dr

2
—S[W{(O’er + Lf'r“) 7:qr + é_:;ZmS}

Vgt = Kirzrr1 + Kpr' {st + Koe (|U:| - |US|) - iq"}
+siw (Uer + Lf'r) Ldr

Lss :LS+Lm, er :Lr+Lm

Knrr = Lm/Lr'm L; = Lss — L’!?L/K’ULT'T'

o =1- L,zn/(LssL'M'% a =1+ (LfT/L""T)

RZ = K?ﬂr'r(RfT' + RT‘)y T’r = er/(Rfr- + Rr)

idr = _L_Ssid87 iqr' = ims - ﬁiqs

Kopt = 0.5pT R Cpopt /A
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0O The DC link and the GSC (g-axis aligned with v,) shown in Fig. 2
can be modeled as described below:

.2 3 . . . .

‘ Ve = —@ [Vatidr + Vatiqr + Vagidg + Vagiqg) ‘ (14)
. Re,+Kpg . K; K .

— fg Pg ig Pg *
lgg = — | —~F— ) tqg + | % ) Tg1 + ( ) 1
4 ( Lyq ) 9 (Lfy) 9T\ Ty r2q?
o = () + (1) e (55) (5
tgg = — | 42— )1 —L ) Tgo — -
g ( Lig dg + Lig 92 Lig 3vgs

(15)

Note that vgy and vgg can be expressed as:

— I ) )
Vgg = KigTgo + Kpg (qu _*qu) —wlygidg + Vgs

— . _ gsc _ N N
vag = KigZTg1 + Kpg ET tdg | + wlfgleg + Vas

O The state equations of the RSC and the GSC current control 1(%1:6)3
(Fig. 2) are shown in equation (17).

ibr-rl = ims + ch (|Vs*| - |US|) - iq?“

Trr2 = | —2—2w;. —1
rr2 L?,les r_dfg dr

a7

APPENDIX II

A. DFIG parameters (p.u) on 1.667 MV A, 575 kV base:
Ls =0.1714, Rs =0.00706, Ly, =2.904, L, =0.1563
R, = 0.005, C =0.7477, Hi = 3.5s Hy =4.55s
Ly, =4.752, Ry, =00761, Ly, =2.311, Ry, =0.0338
Csp = 0.09 pus/electrad, Kz, = 0.3 pu/electrad, Aopt = 10.5

B. LCC-HVDC parameters:

B; =2, By =2, Ry =51,
Cge = 26 uF, Xei =13.2062 ©, X = 13.0956 Q2
Lg.=1.1936 H, tap; =1, tap, = 1

C. AC grid (dynamic model) parameters (p.u) on 900 MV A,
20 kV base [3]:

Xg=18 X =17, X, =0.2, Xh =03

X'q =055 X";=025 X",=0.25, R, = 0.0025

Tc’lO =8.0s, Téo =04s, T'g0=003s, T4 =005s

D. State-space averaged model variables:

The following are the state variables, input variables, and the
algebraic variables obtained when the state-space model is linearized
around the operating point (refer Table II).

State variables, xq:

02 = 0.046 pu, zrp1 = —0.020, T,y(2) =0, igs = 8.340 pu
iqgs = 4.532 pu, Tpp2 =0.045, x5 =0, ims = 3.962 pu,
v?ic = 5.928 pu, igg = 0.951 pu, igy =0, Oty = 2.683 rad.
wt = 1.180 pu, x41 = 0.005, zg2 =0, wr_gfg = 1.18 pu
eﬁls = 0.908 pu, x;1 = 0.036, lir =2 A, iz, =0.951 pu
el,, = 0.292 pu, xr1 = 0.030, Iy =2 A, vy, =504.5 EV

Input variables, wuo:

I;=2A, |vi|=0.817 py, Vw =13.2 m/s, 62 =0.046 pu,
Qisc =0, (v5.)? =5.928 pu, ~; =0.263 rad.

Algebraic variables, zo:

lvs| = 1.035 pu, wvqs = 1.035 pu, Eqcr = 367.0 kV,
Eaei = 231.8 kV, arg = 367.0 kV

E. Pitch angle control:

The parameters of the pitch angle controller (Fig. 16) are:
Kpp = 1 deg, K;jp = 40 deg.s~1

Fig.
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16. Schematic of the pitch angle (3) controller [16].
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