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a Multi Machines AC Systems

The HVDC links are increasingly used not only two distinct power systems but are also embedded into a same meshed
AC power system. Thanks to its speed and flexibility, the HVDC technology is able to provide transmission system
advantages as transfer capacity enhancement and power flow control. In addition, studies have shown that the way of
controlling the HVDC converters impacts the stability of the AC system. This can be particularly exploited to enhance
the dynamic power system pevformances during transients. In this Ppaper, the HVDC emulation by the synchronverter
concept is investigated in a realistic power system. A specific tuning method for the parameters of the regulators based
on the sensitivity of the poles of the neighbour zone of the HVDC with the respect to the latter parameters is used. As
consequence, not only the local performances of the HVDC link, but also overall transient stability of the AC zone in
which the HVDC is inserted are improved. Extensive tests are provided using Matlab/Simulink implementation of the
1EEE 9 bus/3 machines test system.

Keywords: Synchronverter, Synchronous generator/motor, SHVDC, transient stability, damping
oscillatory modes.

1. Introduction

The high voltage direct current (HVDC) link is a mean of transmission of electric power
based on high power electronics which offers an opportunity to enhance controllability,
stability, and power transfer capability of AC transmission systems [1]. Practical
conversion of power between AC and DC became possible with the development of power
electronics devices such as thyristors and voltage source converters (VSC). The VSC
technology offers even more flexibility, new capabilities for dynamic voltage support,
independent controls of active/reactive power and easier integration of wind farms [2].

It was first used in power systems to interconnect asynchronous AC systems as it is the
case of the England-France interconnection [3]. Nowadays, HVDC links are increasingly
used into a same AC system in order to enhance the grid’s transmission capability and
flexibility of the power system. The project Spain-France interconnection [4], which will
use the VSC technology scaled up to 2000MW, is such an example. In this context, the
HVDC link co-exists with other AC system elements as for instance AC lines and
generators.

It was shown that the strategy used to control the HVDC converters can impact the
stability of the system in which the link is inserted [5]-[15].
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Most control of a VSC-based HVDC system uses a nested-loop d—q vector control
approach based on the linear PI technology [15].

Recently in [16], the synchronverter concept has been adapted to the converters of a
VSC-HVDC link. The concept of the synchronverter control is to mimic the behavior of a
synchronous generator (SG) along with its voltage and frequency regulations [17].

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 [16].

In [16], we have taken into account the new context of use of the HVDC during the
synthesis of converters controllers. In fact, we have developed an analytic methodology
which takes into account, in the tuning stage, the neighbor zone of the HVDC link and the
dynamics that most impact transient stability. As a consequence, power system
performances were enhanced in addition to local performances. However, the effectiveness
of the tuning method of the SHVDC parameters had not been proved in the case of realistic
power system.

The present paper shows that the strategy developed in [16] is applicable to a realistic
case which is the full model of the IEEE 9 bus system. In the tuning stage, this control
technique allows one to take into account dynamic specifications and swing information of
the neighbour AC zone in term to better dynamic performances and to improve the transient
stability of the neighbor AC zone of the HVDC link; and this fact is proven on a realistic
power system.

The rest of the paper is organized as follows: in Section Il, 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 Ill, while validation tests are
presented in Section V.

2. Synchronverter based HVDC

In this Section, the converters of the HVDC line are designed to emulate synchronous
machine using the synchronverter concept proposed in [17]. The latter is an inverter of
which regulations are chosen such that the resulting closed-loop mimics the behavior of a
conventional synchronverter generator (SG) [17]. Therefore, to provide an HVDC structure,
another synchronverter working as a synchronous motor (SM) based on the same
mathematic derivation is necessary. As a result, the DC power is sent from the SM to the
SG.

The resulting system in Fig. 1 is called Synchronverter High-Voltage Direct Current
(SHVDC). On the figure, we depict:

(1) the power part of the SG/SM consists of the inverter/rectifier plus LC filter;

(ii) the controls are assured by the electronic part. VSC converter technologies shown in
Fig. 2 are used. The overall structure is shown to be equivalent to a SG/SM with capacitor
bank connected in parallel with the stator terminal.

As shown in Fig. 2, controllers include the mathematical model of a three-phase round-
rotor synchronous machine described by
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Fig. 1. Two terminal VSC-HVDC link
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where

Tgm and Trmm are, respectively, the mechanical torque applied to the rotor of the SG and the
SM. Tg and Ty, are, respectively, the electromagnetic torque applied to the rotor of the SG
and the SM. O is the rotor angle, Jgand Jn, are the combined moment of inertia of generator
and turbine. s=d/dt is the derivation operator. Py (respectively Py) and Qg (respectively Qn)
are the active and the reactive power, respectively, of the SG (respectively of the SM). Mg
and M, are, respectively, the field excitation of the SG and the SM.
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The operator < .,.> denotes the conventional inner product in [ °.

The phase terminal voltage of the SG and SM are Vg anc = [Vga Vo Vel T Vi ae = [Vima
Vg Vo] T respectively
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Fig. 2. Model of the synchronverter: power and electronic parts [17]

The SHVDC given in Fig. 1 is connected to the grid via the impedance (Lg, Rq) such

that

Vi anc =i(ig e —lg 123) (15)
- Cs - -
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where ig_anc = [iga ign igc] T ig_abc = [iga ign igc] T are respectively the stator phase currents of
the SG and the SM, L, R; are, respectively, the inductance and the resistance of the stator
windings and eq_ane = [€ga €gb gc T m_abc = [€ma Emb Emc] Tare respectively the back emf of
the SG and the SM.

To mimic the droop of the SG, the following frequency droop control loop is proposed
Ton =Tgn _et Dy (@, =56, (19)
Tmm :Tmm et T Dmp (a)n _sam ) (20)
Tgm_rer is the mechanical torque applied to the rotor of the SG and it is generated by a Pl

controller as shown in Fig. 1 to regulate the real power output Pg . Inthe SM case, Tmm ref IS
generated by a DC voltage control for power balance.
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The reactive power Qgm (respectively Qmm) is controlled by a voltage droop control loop
using a voltage droop coefficient Dy, (respectively D), in order to regulate the field
excitation Mg (respectively My,) which is proportional to the voltage generated.

T, u =l

gm _ref

1
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k,S
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where V, (respectively Vy,) s the output voltage amplitude is computed by
v, = 2 , (27)
\/3(\/gavgb +Vgavgc +ngvgc)
2
Vi = - (28)
\/BN maV mb +V maV mc +V me mc )

The circuit equations of the DC line (Fig. 2) are
1

V :_(ic _icc)’ (29)
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1 . .
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The AC and DC circuits are coupled by the active power relation
Pdcl :V dcli dcl ? (32)
Pch :V dczi dc2 ! (33)
P.,=P, . (34)

Py, = F’g . (35)
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3. Control model description

The tuning methodology of the SHVDC parameters developed in [16] is briefly recalled
here and enriched such that the local performances are enhanced both for the HVDC as well
as for the transient stability of the neighbour AC systems. The resulting control model must
preserve the dynamics that most impact the stability of the region neighbouring the HVDC
link. For this reason, it was necessary to start from a full model of a sufficient large zone
arround the HVDC link. In this study, we considered the realistic of the IEEE 9 bus system.

3.1 Description of the test power system

The IEEE 9 bus system shown in Fig. 3 contains 3 generators, 5 lines, 3 loads and 3 two
winding power transformers. The 100 km HVDC cable link has a rated power of 200 MW
and a DC voltage rating of £100 kV [20]. The rating of each generator is 600 MVA and 20
kV. Each of the units is connected through transformers to the 100 kV transmission line.
The detailed system data is given in the appendix. The loads L, , L, and L3 are modeled as
constant impedances. The simulations tool is in the Matlab/Simulink toolbox.

3.2 Specific framework for the tuning of the SHVDC parameters
3.2.1 HVDC Control Specifications

We first recall the usual full set of control specifications for a VSC-based HVDC. 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, 18]:

-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.

3.2.2 Control objectives

In our previous work [16], we have developed a tuning methodology of the SHVDC
parameters which takes directly into account; swing information at the synthesis stage in
term of the less damped modes of the neighbor AC zone of the HVDC link. As a
consequence, the stability limit in term of the CCT of the neighbor zone was improved in
addition to local performances presented above. The local performances are ensured which
are tracking of references for active power, reactive power [16]. In this present work, the
same tuning method mentioned above is used in the IEEE 9 bus system. More precisely, the
synthesis of the SHVDC parameters is done such that the stability performances are
ensured for several cases of fault along with the local ones.
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Fig. 4. Feedback system

3.2.3 Control Structure

In order to satisfy these control objectives, the open loop system shown in Fig.3 is put
into the feedback system structure presented in Fig.4 where H(s) is the linear
approximation of the system in Fig.3.

All control parameters are grouped in the following diagonal matrix:

K(s,0)=dig(D,.D,, K, K _,.D,.D. K  K_) (36)
where Dgp, Dmp are, respectively, the static frequency droop coefficients of the SG and
the SM; ng ,qu are, respectively, the voltage droop coefficient of the SG and of the
SM; Kp_\,dc K

active power Pl control parameters.
Note that all elements of the matrix K (S,q) are tuned via the pole placement presented

in Section IV.B to meet HVDC performance specifications given in Section IV.A.
The inputs u and the outputs y are

u= [Tmm ’Qmm ’Tmm —ref_kp ’Tmm —ref ki ? -rgm ’ng ’-rgm —ref _kp ?
_I—gm —ref_Kki ]T

are the DC voltage PI control parameters; and K K, ; are the
-9
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Vg_ref - Vg ’ |:’g_ref - Pg ’ == s . ]T .

3.2.4 Regulators parameters and residues

LetH (s)be the transfer matrix of a linear approximation of iand consider each
closed-loop of the feedback system in Fig. 5 which corresponds only to input U; and
output y; .More specifically, H (S)and K, (S)are the (i,i) transfer functions of H(s), ,
respectively.

Proposition [19]: The sensitivity of a pole A of the closed-loop in Fig. 2 with respect to a
parameter (] of the regulator K, is

oA oK; (s.9)

oq * &g

where T, is the residue of H ; (S) at pole A4 .
K (s,

Note that, for our case. (36), 6“—(q) =1.

aq

s=1
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Fig. 5. Single input/Single output feedback system

3.3 Coordinated Tuning of SHVDC Parameters

First, desired locations ﬁ,l* can be computed for each pole A, starting from the control
specifications given in Section 3.2.1. The connections between the dynamics of interest and
the modes are established based on the participations factors given in Table 1. From the
same column of Table 1; several poles have also significant participations to the same
dynamic which led us to compute the gains K in a coordinated way. More specifically, if
A\ denotes the set indices j from 1 to 8 for which H i (s)has A; as pole, the contribution of

each control gain in the shift of the pole is

A=A+D LK, (38)

jeA
where /"LIO is the initial (open-loop) location of the pole A; and r;; is the residue of

H; (s)in A, . Finally, the pole placement is the solution of the following optimization
problem

{K;,j=1.8=arg minZ”ﬂ,f—ﬂ,,”2 , (39)
Kj i

where A, is given by (38).

1
The optimal parameters in the appendix were obtained with (39) solved for the desired
locations in Table 1. The specific tuning SHVDC parameters is tested on the IEEE 9 bus/3
machines benchmark [20] shown in Fig. 3.

4. Simulations test

This section deals with performances and robustness of the proposed control. The tuned
SHVDC parameters technique presented in the previous Section is tested and compared
with the classic vector control. The latter has a cascade structure with a current inner loop
more rapid than the outer one. The two controllers are tuned to satisfy the same
performance specifications (the usual time setting for HVDC voltage and power control
presented in Section 3.2.1).



Table 1: Desired modes meeting the HVDC specifications

Dynamics of AP AT Mo
interest
Voltage V,, -5.36 -10 -0.18
Voltage V, 0.035 -10 -0.12
Active Power P, 1.69+5.07i -21421.42i -0.08 +0.06i
-2.78+18.89 -21+21.42i -0.02 £0.07i
-2.574£3.51 -11+10i -0.05 £0.08i
0.2+0.604i -13+14i -0.2 £0.33i
Active Power Py | -0.23+4.405 -21+21.42i -0.15 £0.002i
0.001 -50 0.29
Reactive Power -5.36 -10 -0.18
Qm
Reactive Power 0.035 -10 -0.12
Qq

4.1. Local performances

Table 1 (column 2) presents the desired location of modesi,* for each dynamic of

interest. The optimal parameters K in the appendix was obtained with (39) solved for the
desired locations in Table 1. The response of SHVDC for the test power system in Fig. 3
with these tuned parameters is given in Fig. 6 in solid lines in comparison with the ones in
dotted lines obtained with a classic vector control. Figs 6.a and 6.b show the responses of
active and reactive powers to a +0.1 p.u step in Py . and to a -0.1 p.u step in Qg rr. A good
tracking of the active power reference and satisfying control specifications for both
responses is observed. It is noted that better dynamic responses are provided with the new
coordinated.

4.2. Transient stability

Fig. 7.a, b and c, respectively show the responses of the angular speed of generator G1,
G2 and G3, to a three phase short circuit fault of 100 ms duration, occurring near G2. Again
better dynamic performances are obtained with the proposed controller: the transient
oscillations with the SHVDC control are more damped.

The transient stability is assessed by the Critical Clearing Time (CCT), which is the
maximum time duration that a short-circuit may act without losing the system capacity to
recover to a steady-state (stable) operation [21].

The obtained CCTs for a three-phase short-circuit occurring near each generator are
presented in Table 2 for the classic vector control, and the proposed SHVDC control. We can
see that the SHVDC control with tuned parameters improves the transient dynamics of the
system and thus augments the transient stability margins of the neighbor network. This is due
to the fact that the dynamics of the neighbour zone are taken into account at the synthesis
stage via the oscillatory modes in Table 1. The gains of the controllers are computed to damp
these modes and thus to diminish the general swing of the zone and not only for the local
HVDC dynamics.
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Table 2: Critical Clearing Times with both control strategies
CCT (ms) Gl G2 G3
SHVDC 250 200 200
Classic vector control | 150 120 150
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o
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o
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Fig.8. Response of Pg to a +0.1 step in Pg_ref (p.u) with a new operating point
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4.3 Robustness against variation of the operating point

As the synthesis of the SHVDC controller is based on the linear approximation as
presented in Section 11, robustness of performances against the variation of the operating
point is required. Therefore, a new load flow setting is considered for the simulations. For
example, the active power of load L1 is increased by 50 MW. The gains of the SHVDC
controller are not recomputed and are thus the same as in the appendix. Fig. 8 gives the
active power response to a +0.1 step in Py . in this case. The latter is comparable with the
one obtained in Fig. 6.a. Indeed, Fig. 9 illustrates the response to a step of -0.5 p.u in Py et
to test the performances of the controller to a sudden change in the direction of the
transmitted power. Thus, the dynamic performance is better than the one obtained with the
standard controller. These results confirm the good robustness of the performances of the
proposed controller against variation of operating conditions.



5. Conclusion

A High Voltage Direct Current HVDC 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 validated on the realistic IEEE 9 bus benchmark.
More specifically, better results than with the standard vector control were obtained for the
following points:

- Better dynamic performances (less overshoot and more damping) because this approach
allows one to analytically take into account dynamic specifications at the tuning stage.

- Better stability margin of the neighbor zone for two reasons. First, swing information is
directly taken into account at the synthesis stage in terms of the less damped modes of the
neighbor zone and not only for the local HVDC dynamics as it is the case for the standard
VSC control.

It is noted that this kind of tuning is surely 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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7.Appendix

K=[55; 46.4;24.0 ; 28.5 ; 65.64; 58.069; 56.39; 25.11; 37.35].

Parameters of the classic vector control: current loop: kp= 0.6, ki=8, reactive power control:
ki=10, active power control: ki=10, DC voltage control: kp=10, ki=10.

Generators: Rated 600 MVA, 20 kV

Xl (p.u): leakage Reactance = 0.18, Xd (p.u.): d-axis synchronous reactance = 1.305, T’d0
(s): d-axis open circuit sub-transient time constant =0.296, T’y (S): d-axis open circuit
transient time constant = 1.01 ; Xq (p.u): g-axis synchronous reactance = 0.053, Xq (p.u):
g-axis synchronous reactance = 0.474, X’’q (p.u): g-axis sub-transient reactance =0.243,
T7°q0 (s): g-axis open circuit sub transient time constant=0.1. M =2H (s): Mechanical
starting time = 6.4.

Governor control system : R (%): permanent droop =5, servo-motor: ka = 10/3, ta (s) =
0.07, regulation PID: kp = 1.163, ki= 0.105, kd= 0.

Excitation control system : Amplifier gain: ka = 200, amplifier time constant: Ta (s) =
0.001, damping filter gain kf = 0.001, time constant te (s) = 0.1.

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

Loads: PL1=300 MW, PL2= 300 MW ; PL2= 300 MW

AC transmission lines: Resistance per phase (€2/km) =0.03, Inductance per phase (mH/km)
=0.32, Capacitance per phase (nF/km) =11.5


http://www.mathworks.com/matlabcentral/profile/authors/3719840-jaikumar-pettikkattil
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