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Abstract—- In this paper, the HVDC emulation by the
synchronverter concept is investigated for interconnection
of two very weak AC systems. A specific tuning method for
the parameters of the regulators based first on the
sensitivity analysis of the system poles to the control
parameters and, next, on their placement using residues.
The use of the synchronverter control allowed us to
improve the dynamic transmission capacity of a HVDC
connection of two weak AC systems. This improvement is
analyzed both from the point of view of the emulation that
the synchronverter provides and from the dynamic
(control) point of view. In addition to the analysis of the
stability and capacity, the proposed control structure is
also compared with the vector current control in terms of
dynamic performances. The simulations tests in
Matlab/Simulink are done with two very weak AC systems
with a short-circuit ratio (SCR) of 1 interconnected by a
HVDC line.

Index Terms-- HVDC, synchronverter, regulator parameters
tuning, stability

I. INTRODUCTION

For High Voltage Direct Current (HVDC) transmission, the
strength of the AC system is important for normal

operation [1]. An AC system can be considered as weak
either because its impedance is high or its inertia is low. A
typical high-impedance system is when an HVDC link is
terminated at a weak point of a large AC system where the
short-circuit capacity of the AC system is low. Substantial
research has been performed in this field [1]-[3]. The most
outstanding contribution on this subject is [2], which
recommends to use short-circuit ratio (SCR) as a description
of the strength of the AC system relative to the power rating of
the HVDC link. Compared to the conventional thyristor-based
HVDC, the Voltage Source Converter (VSC) based HVDC
has a number of technical merits: reactive-power support to
the AC system, possibility to connect to very weak ac systems
and black-start capability [4, 5]. Examples of such
applications can be found when an HVDC link is powering an
island system, or if it is connected to a wind farm.

Several control methods of VSC-HVDC have been
proposed. Among them, vector-current control has been
mostly investigated [6]. However, some difficulties have been

experienced by VSC-HVDC based on vector-current control
in weak AC system connections [8], [11]. First, reference [8]
shows that the maximum power that a VSC-HVDC link using
vector current control can transmit to the AC system with SCR
= 1.0 is 0.4 p.u. Next, the recently proposed synchronverter
concept has been adapted to the converters of a VSC-HVDC
link [12]. The concept of the synchronverter control is to
mimic the behavior of a synchronous generator (SG) along
with its voltage and frequency regulations [13]. More
specifically, the sending-end rectifier emulates a synchronous
motor (SM) and the receiving end inverter emulates a
synchronous generator (SG). This resulting Synchronverter
based HVDC was called SHVDC.

In this paper, the SHVDC system is tested for the
interconnection of two very week AC systems. At the tuning
stage, the SHVDC control allows one to analytically take into
account dynamic specifications to obtain better dynamic
performances than the vector control. The impact of the
control parameters and the inertia emulation on the dynamic
transmission capacity of a HVDC connection of two weak AC
systems is analyzed. The rest of the paper is organized as
follows: in Section II, the SHVDC structure is recalled. An
analytic method to tune the parameters of the controllers of
the SHVDC in order to meet the desired performances is
given in Section III, while validation tests are presented in
Section V.

II. SYNCHRONVERTER BASED HVDC CONNECTED TO WEAK AC
SYSTEMS

Fig. 1 shows the main-circuit diagram of a VSC-HVDC
converter connected to an AC system. L; and R; are the
inductance and resistance of the phase reactor of the VSC, and
L, and R, are the inductance and resistance of the AC system.
C; is the AC capacitor connected at the point-of-common-
coupling (PCC). The bold letter symbols, E , V and e represent
the voltage vectors of the AC source, the PCC and the VSC. P
and Q are the active power and reactive power generated by
VSC to the AC system. The converters of the HVDC line are
designed to emulate synchronous machine. The
synchronverter proposed in [13] is an inverter of which
regulations are chosen such that the resulting closed-loop
mimics the behavior of a conventional synchronverter
generator (SG).



Fig. 2. Model of the synchronverter electronic parts [13]

As a result, the DC power is sent from the rectifier
emulating a synchronverter motor (SM) to the inverter
working as SG [12]. The resulting system in Fig. 1 is called
Synchronverter High-Voltage Direct Current (SHVDC) [12].

A. Modeling of AC systems
The phase terrmnal voltage of the SG and SM are V, 4 =
[Vea Vb VgC] [Vina Vb Vgc] respectively

m abc —

. di
Vg ae =Ry a —L ;j‘” +) ax, (1)

Vm _de — Rslm abc'H-s

The SHVDC given in Fig. 1 is connected to the grid via the
impedance (L,, R,) such that

+em - 2)

Vo ax =Qi(im =iy 13), (3)
R Lgs)(\/gem B ), 4)
Vo oo =Cfis(im,m i we), 5)
i 123 = R Lgs)(Emabc ). (6)
where iy e = [iga igb ige] '» ig_abe = [iga ign ige] > are respectively

the stator phase currents of the SG and the SM, L, Ry are,
respectively, the inductance and the resistance of the stator
windings and Cg abc = [ega Ceb egc] ! > €m_abc = [ema Cmb emc] ! are
respectively the back emf of the SG and the SM.

B. Characteristics of weak AC systems

A weak AC system is typically characterized by its high
impedance [2]. As the AC-system impedance increases, the
voltage magnitude of the ac system will become ever more
sensitive power variations of the HVDC system. This
difficulty is usually measured by the short-circuit ratio (SCR),

which is ratio of the AC-system short-circuit capacity versus

the rated power of the HVDC system. SCR is directly related

to the AC system inductance. According to [2], SCR is

defined as

o ™
dN

where S,. is the short-circuit capacity of the AC system

including the VSC at the PCC bus, while P4y is the rated dc

power of the HVDC link.

Based on this parameter, the AC system is considered strong

or weak. If the SCR > 3.0 the AC system is considered strong

and control systems stability and robustness is not a problem.

If SCR< 3.0, the AC system is considered weak.

The short-circuit capacity of the AC system can be expressed

as

SCR =

s, [k rt) (8)
olgL

where @ is the angular frequency of the ac system, | |is the

voltage magnitude of the PCC, and the resistances R, and R,
have also been neglected.

C. Synchronverter based HVDC

The SHVDC system is a SM/SG connected by a DC line.
In Fig. 1 and Fig. 2 we depict respectively: (i) the power part
of the SG/SM which consists of the inverter/rectifier plus LC
filter ( all equations are presented in the Appendix 1) (ii) the
controls which are ensured by the electronic part.

The frequency droop loop included in the SHVDC structure is
defined by the following equations
Tgn :Tgn_ref +D§p(aﬂ _Sgg)a (9)

Tom =Tom et +Dip(@,—$6,) (10)
The SG (respectively the SM) thus shares load with the
other generators of the AC grid to which it is connected in

proportion with the static droop coefficient Dy, (reqsvectively
Do) Tem rer is the mechanical torque applied to the rotor of

the SG and it is generated by a PI controller as shown in Fig. 2
to regulate the real power output F, . In the SM case, T rer 1S

generated by a DC voltage control for power balance.

Tt :(kp\ﬁtHWd:rd V), (11

Ton e =, A —RR ).

The reactive power Qgnm (respectlvely Qum) is controlled
by a voltage droop control loop using a voltage droop
coefficient Dy, (respectively Dy,g), in order to regulate the field
excitation M, (respectively My,) which is proportional to the
voltage generated.

(12)

ng :Q['Lref + ng (\/giref _Vg ) P (13)

Qmm :Qmiref +qu ijef _Vm) . (14)
1

kgis(ng _Qge): (15)
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where V, (respectively Vy,)), is the output voltage amplitude is
computed by

M

Qumn —Qre), (16)

2
V =
g , (17)
\/3(\/gavg) V4V V)
2
(18)

V =
" \/Wmvnb +Vnavmc +Vrrbvmc) ’

III. TUNING OF THE SHVDC PARAMETERS

The SHVDC parameters should be tuned simultaneously
and in a coordinated way such that the global stability
performances of HVDC are ensured i.e.:

- satisfy HVDC local dynamics. The SHVDC parameters are
calculated to reach desired modes starting from HVDC
specifications control. The connections between the dynamics
of interest and the modes are based on the participations
factors [14].

- enhance the transient stability of the neighboring AC
system. This is done such that the dynamics of the neighbor
zone are taken into account at the synthesis stage via the
oscillatory modes. The gains of the SHVDC controllers are
computed to damp these modes and thus to reduce the swing
of the zone.

For this tuning, the SHVDC shown in is put into the feedback
system structure presented in Fig. 3 where H(s) is the linear
approximation of the system in Fig.1. All control parameters
are grouped in the following diagonal matrix and tuned based
on the following result.

K(qu) :d@(ngﬂan 7Kp_vd:>K Ve 7Dg;1>an>Kp_pg 5Ki Apg) (19)

© wy |y

K(s.4q) ¢

Fig. 3. Feedback system

Proposition [14]: The sensitivity of a pole 4 of the closed-
loop in Fig. 2 with respect to a parameter ( of the regulator
K, is
04 oK, (s,9)
R rl —nrx">17
oq oq
where T, is the residue of H, (s) atpole 4 .
oK;i (s,9)
oq
The contribution of each control gain in the shift of the
pole is

(20)

Note that, for our case. (19), =1.

s=1

}ﬁ:ﬂ'uo"'zrinj’

jen

21

where 4" is the initial (open-loop) location of the pole 4, and
ry is the residue of H(s)in 4; . Finally, the pole placement
is the solution of the following optimization problem

1K) =18y =argmin 3[4 - 4] (22)
K] i

where A, is given by (22) [12].

IV. SIMULATIONS AND INTERPRETATIONS

The SHVDC structure is investigated in this section on the
simple system of Fig. 1. A 200 MW, £100 kV VSC-HVDC
link is used to interconnect two very weak AC systems, having
equal SRC=1. Simulation tests are performed using MATLAB
SIMULINK  software. The performances of tuned SHVDC
parameters technique presented in Section 3 and the classic
vector control are tested and compared for VSC-HVDC links
connected to weak ac systems. The two controllers are tuned
to satisfy the same performance specifications of a HVDC
link.

A. Results with the vector current control

For weak grid connection, the d-q inner current of vector
control was provided by a PI-type active power controller for
the Iy component and by a PI-type AC voltage controller for
the I, component. The vector current control parameters are
obtained to meet HVDC specification in Appendix 2. The
SCR of the AC system imposes a theoretical limitation on the
maximum power that the VSC-HVDC system is possible to
transmit to or from the AC system. For instance, in [8] it is
shown that it is not possible to operate a VSC with vector
control at a higher power than approximately 0.4 p.u if the
SCR of the AC systems are 1.0. Indeed, Fig. 4.a and b show
poor performance of the vector current control and the
maximum power is 0.4 p.u in this case. In addition, the filter-
bus voltage is more sensitive to power variation of the VSC-
HVDC link.

B. Results with the SHVDC control technique

For the same case of weak interconnection, the SHVDC
structure of Fig.l is analyzed. The SHVDC parameters are
tuned with the control method presented in section III. First,
desired locations 4" were computed for each pole 4 starting

from control specifications given in Appendix 2. The desired
poles and the results for the dynamics of interest for the
SHVDC are given in Table I. The optimal parameters K; in
the first column of Table III were obtained with (22) solved
for the desired locations in Table I. Fig. 5.a shows that the
SHVDC structure enables a maximum power transmission of
0.82 p.u. As a consequence, the SHVDC control allows us to
improve the dynamic power transmission capacity of a HVDC
link of two weak AC systems. It is noted that better dynamic
responses are provided with the new coordinated control. Fig.
5.b shows that the variations of the filter-bus voltage are much
smaller when using the SHVDC control in response to the
same power changes.
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Fig. 5. Step response of Py (s for SHVDC control at P, = 0.4 p.u. with SCR =
1.0. (a) Response of Py to a +0.44 step in Py . (p.u); (b) Response of filter

bus voltage to +0.1 step change in Py . (p.u).
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Fig.7. Response of Py to a +0.43 step in P, o (p.u) with an inertia H= 5s

C. Effect of the Inertia emulation

The advantage of the SHVDC structure is to mimic the
closed-loop of a standard synchronous generator. Thus inertia
emulation is provided, and it is well known that the inertia has
a positive impact on the stability of the AC system. For this
reason, we have analyzed the SHVDC structure for two
different constant inertias:

-case 1:h=3.2 s ( case in section V.B).

-case 2 : h=5s.

For the two cases, we have placed the poles of the closed-loop
at the same desired locations of dynamics of interest (Table I).
For case 2, the obtained tuned SHVDC parameters K, are
given in the second column of Table III.

For the same case 2, Table IV presents the initial location A’

of 4 for each dynamic of interest and the final location A’.

The response of the SHVDC of case 2 to a 0.42 p.u step
changes in active power reference is given in Fig. 6. The
system is unstable for a greater step in power reference
(Fig.7). As a consequence, the maximum power capacity for
case 2 is equal also to 0.82 p.u as for the case 1. We can thus
conclude that the improvement of the dynamic power capacity
is due to the control manner (the way on which the closed-
loop poles are placed) and not to the inertia emulation
provided by the SHVDC structure.

D. AC-System Faults

The fault ride-through capability of the VSC-HVDC link is
tested by applying three-phase ac-system faults with 0.2 s
duration at the rectifier station. Fig. 8.a and b show the
response of active power and the filter bus voltage. Again
better dynamic performances are obtained with the proposed
controller: the transient oscillations with the SHVDC control
are more damped.

TABLE IV
DESIRED MODES MEETING THE HVDC SPECIFICATIONS
CASE2:H=5S
Dynamics of A0 Al o
interest
Voltage V,, 4.2 -10 -0.16
Voltage V 3 -10 -0.3
Active Power P 5.1+ 8.31 -21+21.4i -0.03 +£0.1i
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Active Power P, -1.848.3 214£21.4i -0.01 £0.1i
Reactive Power Q,, 2.6 -10 -0.5
Reactive Power Q, 1.36 -10 0.2
()
] T S R S S S
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s -+
|
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15
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Fig. 8. Responses to 100 ms short circuit at the rectifier station. (a) Response

of Py ; (b) Response of filter bus voltage.

V. CONCLUSION

In this paper, a HVDC link has been emulated using the
synchronverter concept. A control strategy of the converters
has been proposed based on a specific tuning method which
uses, the sensitivity analysis of the system poles with respect
to the control parameters. The control strategy has been tested
for the interconnection of two very weak AC systems. Better
results than the vector current control were obtained (i) better
dynamic performances because this approach allows one to
analytically take into account dynamic specifications at the
tuning stage. (ii) better dynamic transmission capacity of the



HVDC connection in the sense that the link capacity under
stability constraints is higher than the one obtained when using
the standard vector control. This improvement of the dynamic
transmission power is due to the way in which the SHVDC
parameters are tuned and not to the inertia emulation provided
by the SHVDC structure. The advantage of this emulation is to
get on a structure well-known by the operators (standard
synchronous generator plus its standard voltage and frequency
regulators). However, this kind of tuning under emulation is
under optimal in the sense that the constraints to keep the
structure of the classical generators and their regulations
imposed by the synchronverter principle limits the
performances of the resulting closed-loop.
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VII. APPENDIX

APPENDIX 1: POWER PART OF THE SHVDC SYSTEM
As shown in Fig .2, the SHVDC include the mathematical model of a three-
phase round-rotor synchronous machine described by
.. 1 1
b, :T(Tgm “Toe = Dgps6y)> 1

9

€

gm = 3 (Tme *Tmm - Dmpém)’ (2)

Tee =My <ig ac.5iN6, >, 3)

Too =M, <i, 4.5NG, >, @)

8y ac =MySG sfnég,, )

€ 20 =M,86,510G,. ©)

P, = M8, <ig a,SinG, >, @)
Qge =—MysG) <ig ape,c086; >, ®)
Qe =M:S@, <iry 4,086, >, ©)

P,=M_s@, <imjbc,si~n¢9m >, (10)

where Ty and Toy are, respectively, the mechanical torque applied to the rotor
of the SG and the SM. T, and Ty, are, respectively, the electromagnetic torque
applied to the rotor of the SG and the SM. 0 is the rotor angle, J,and J,, are the
combined moment of inertia of generator and turbine.

s=d/dt is the derivation operator. P, (respectively P,,) and Q, (respectively Qy,)
are the active and the reactive power, respectively, of the SG (respectively of
the SM).

M, and M, are, respectively, the field excitation of the SG and the SM.

The equations of sin@ and c0s@ are

- 2 2z T
sin@ = [sin& sin(@- 3”) sin(6’+Tﬂ):| )
27 27 T
cosl = {cosﬁ 005(9—7) cos(9+T) } (12)

The operator < .,. > denotes the conventional inner product in R”.

APPENDIX 2 : VSC-HVDC SYSTEM PARAMETERS

Bus system 1 & 2: line voltage=100 kV, frequency=50 Hz, Short circuit
power=200 MVA, Rs=0.75Q , Ls=0.2 H.

27th AC filter in AC system 1 & 2: reactive power=18 MVAR, tuning
frequency=1620 Hz, quality factor=15.

54th AC filter in AC system 1 & 2: reactive power=22 MVAR, tuning
frequency=3240 Hz, quality factor=15.

DC system: voltage=+100 kV, rated DC power=200 MW, Pi line R=0.0139

Q /km, L=159 pH/km, C=0.331 pF/km, Pi line length= 150 km, switching
frequency=1620 Hz, DC capacitor=70 pF, smoothing reactor: R=0.0251Q ,
L=8mH.

Parameters of the classic vector control: current loop: kp=5, ki=1, AC voltage
control: ki=20, active power control: ki=20, DC voltage control: kp=5, ki=2.
HVDC control specifications: Set-points for the transmitted active power,
the reactive power and the voltage at the points of coupling have to be
tracked with the following transient performances [15]:

- the response time of the active/reactive power is normally in the range of
50 ms to 150 ms.

- the response time for voltage is about 100 ms to 500 ms.



