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Dynamic Performance of HVDC according to Excitation System Characteristics of
Synchronous Compensator in a Weak AC System
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ABSTRACT

This paper analyses with the dynamic performance of HVDC System connected o a weak AC system for
varying exciter characteristics of synchronous machines comnected at the converter bus. Conventignally
capacitors are used to supply reactive power requirement ai a strong converter bus. However the installation of
synchronons machine is essential in a isclated weak network to re—start after a shutdown of HVDC and to
increase strength. The dynamic performance of a synchronous machine depends on the characteristics depends
on ils exciter characteristics. In this paper, several exciter {ypes are used to Investigate their effect on the
dynamic performance af the HVDC system and modifications fo standard exciter topologies are suggested to
mitigate observed problems.

Keywords : HVDC, Synchronous compensator(S.0), Fxciter

1. INTRODUCTION carried out by HVDC connection cheaper than by a
long distance AC trapsmission line. Also, bulk
Over lang distances bulk power (ransfer can he power of HVDC transmission scheme may be
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transmitted through very long cables or across
borders where the two AC systems are not
synchronized or operating at different frequencies.
HVIDC converters(hoth rectifiers or inverters) draw
lagging reactive power from the AC system in the
amount of about 60% of the real power. Usually
HVDC systems are fully compensated for reactive
power at the converter bus to improve system
regulation and reduce transmission losses. Variation
in DC power changes the reactive power
requirement of the converter and hence tends to
cause change of AC voltage. For strong AC system,
these fluctuations are tolerable and we can use fixed
capacitors to provide reactive power. However, these
changes are particularly significant if the AC
systermn s weak as they can lead to system
instability,. Hence we must wuse dynamically
adjustable  compensator  schemes.  Static  Var
Compensator {SVC), Static Condensor (STATCON)
or Synchronous Compensator are the commonly
used dynamic compensator schemes.

Nyati et. al. have shown that static compensators
provide much faster system response compared to
the synchronous compensatorsm. Dr. Gole et .al
have shown that with modern fast acting
synchronous compensators, the use of proper mix
SVCs and synchronous compensators is the best
choice for HVDC systems connected to very weak
AC system[z].

For the extreme case of a receiving system of zero
imertia (no generation). a conventional inverter
cannaot start after even a momentary interruption of
DC power. A synchronous machine in the receiving
systemn is generally the only prachcal solution in
such situations.

The normal operation of synchronous machine with
a stafic exciter does not usually pose any major
problems. However, during AC line-faults or in the
case of comnection to a weak AC network,
synchronous  machine with a fast field forcing
bus—fed static exciter has a drawback, which may
cause system instability, This is because the output
voltage of the static exciter is dependent on the

generator terminal voltage that is controlled by the
static exciter.

This paper investigates the problem represented
above and proposes a solution. The investigation is
performed by time domain digital simulation using
EMTDC program.

2. A EXCITATION SYSTEM REVIEW®

The IEEE has classified excitation systems
currently in use into 12 models. From a system
characteristics point of view, excitation system is
classified 3 types- DC, AC and static type. Because
the DC—type exciters are gradually being phased
out, this paper discusses only AC and static type
exciters.

2.1 AC Rotating Excitation System

Fig. 1 shows an AC rotating excitation system
that consists of a Permanent Magnet Generator
(PMG) with controlled rectifier and exciter generator
with non-controlled rectifier.
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{a) Schematic diagram of AC rotalbing excitation
system
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(b} AT rotating excitation system mode!ing

Fig. 1 Conventional AC excitation system
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In this system. the exciter is on the same shaft
as the turbine generator. The AC oufpul of exciter
is rectified by either a controlled or nen—controlled
rectifier to produce the direct current needed for the
generator field The rectifiers may he stationary or
ratating. This system is more stable than a static
excitation system because exciter power is not
supplied by the generator terminals.

2.2 Siatic Excitation System

The excitation system shown in Fig. 2 consists of
a synchrongus generator and a controlled converter,
The excitation power 1s supphed through a
transformer from the generator terminals, Some of
the advantages of this system include small inherent
time constant. lower cost and easy maintenance.
However, during system-fault conditions availahle
excitation  system ceiling  voltage is dinunished
because the exciter output veltage is dependent on
the AC system input voltage.
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(a) Schematic diagram of static exciiation
system.
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(b} Static excitation syslem modeling
Fig 2 Conventional static excitation system.

2.3 Controller Design of Static Exciter System

The controller design of static excitation shown m

Fig. 2 (b) is [ollow as™

The steady state gain ( K.} of the exciter, is
desigrned as per equation (1). The secondary woltage
of excitation transformer( V3) is designed as per

equation (2).

Vin—Vyp 5 100
Xffo £
(Ve x Vi + Vi)

Vo = W2 x (cosa — 0.5 % Zp) @

I

Ka

where, Vg s [ull-oad feld wvoltage, Vg 13
no-load field voltage, Z¢ is transformer impeclance,
Vo is thyrstor voltage drop, ¢ is a voltage
variation rate(®) and Ve 1 a celling voltage

coefficient of exciler.

The excitation svskem controller has a lead-lag

compensator which has a steady state gain K,
and the time constants T and Tg. The transient
gain K1 of this controller expressed in terms of
K., T¢ and Ty is as given by equations (3 -

6} using gain margin and phase margin method of
analysis. These equations are given helow:

I{T:I{ATC/TB (3)
Kr =z Vymax/~V, {4)
Ki/Taw = @ (5)

1/Te < w. / nlwhere, n = 2) {6

where, AV, is a sudden reduction rate of

generator voltage.

As can be seen from these ecuations. the transient
gain is also a fucton of the ceiling voltage Vymax,
This ceiling voltage is a significant {actor in
determining the dynamic performance of the exciter.

3. HYDC WITH SYNCHRONOUS
COMPENSATOR IN WEAK AC SYSTEM
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3.1 System Study

S00Mvar
SO0V var
1000D W
| 500KV ‘| 2zt i
1000MV A Rectifier Inverter L000MVA
z gg gg 7
ST TR TR TR RE
an Zc 1250P:I];e %é_@
125Mvar 345KV 230KV
8C
160Mvar

Fig. 3 HDG model network at inverter side based on CIGRE model

Fig. 3 shows the inverter side of the study system.

The DC controls of the study system are identical
to the system in the CIGRE benchmark model™.
The study system models a 1000MW, 500KV, 12
pulse. Monopolar HVDC system connected to a
wealkk AC system, The Inverter Short Circuit Ratio
(5CR) is 252-80 and Effective SCR (ESCR) is 1.5
£ 60, Fixed capacitors provide S00MVAr at rated
voltage and  the remaining
requirement of the converter is supplied by the
synchronous condenser of rating 165/+300 MV Ar,

Teachive  power

3.2 Characteristics Analysis of System Case
Fig. 4 shows DC volltage waveforms with static
exciter and rotating exciter. The effective ceiling
vaoltage for the excter in both cases iz 6 [pul.

Table 1 Static exciter paramsters

Ka 150
Ty 01[s]
Te 0.375(s]
Ta 2[s]

w . 10[dB]

Table 2 Rolaling exciter parameters

Ka 375 Ky 4
Ta 0.01[s] Toa 1[s]
Tex 0.2[s] Ts 0dls]
T’ 2fs] Ky 0.01[s]
. 10[dB) V A 1.0[p.ul

Other control parameters are given in Table 1 for
static excilers and in Table 2 for rotating exciter. [n
both cases the systemn n mmning in steady state.
However, with static exciter the DC voltage shows
oscillations  (near  fundamental  [requency)  of
considerable magminde as a result of [luctnations In
the AC wvoltage caused by synchronous cencdenser
exciter interactions with the AC system voltage, I
the AC system is strong, the effect of interaction
would have been negligible. In a weals system, these
wteractions could easilv lead to system instability as
shown 1w the next figure. Note that the high
frequency oscillations in  these wavefarms  are
commutation notches charactenstic of 12 pulse
HVDC system and are present in hoth cases.



_«
B

[

E

322 TETLE WL 54 A 0% 8]

=

i
%
z
=

DC Voltage

DC Voltage

(b} AC rotating exciter

Fig. 4 DC voltage of HVDC according to exciter
type with Veymax of 6 p.u.

Fig. 5 shows the same system as in Fig. 4 except
that the effective ceiling voltages of the exciters are
changed to Vymax to 8 [pul. In this case, Tpg
(0194) and T {0.07) time constants of the static
exciter are adjusted as per equations (10-13) so that
Ka, Tgy and w. are the same those for cases
shown in Fig. 5 Note that the svstem with static
exciter is unstable even during steady state
operation where as the system with rotating exciter
response is not affected.

To understand this phenomena [urther, the AC
systemm voltages waveforms for the case shown in
Fig. 5 are shown in Fig. 6. Note that in Tig. 6ia)
with static exciter, the AC system voltage has
subharmonic frequency as a result of the interaction
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{b} AC rotating exciter

Fig. 5 DC voltage of HVDC according to exciter
type with Vmax of 8 [p.ul.

of the excitation system on the terminal voltage.

These oscillations are absent in the Fig. 6(b) with
rotating exciter.

Now that we have seen that the
conventional static exciter 1s unstahle with
HVDC systems connected to weak AC system,
same tests were repeated with differently
tuned gains for the HVDC controller (gamma
cantroller) and the exciter itself, Fig. 7 (a)
shows the DC voltage of HVDC w hen HVDC
controller gain is tuned and Fig. 7 (h) when
the exciter gain is tuned. From Fig. 7, the
improvement, if any, was wvery insufficient to
change the unstable behavior of the static
exciter at ligher field forcing limits.
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(b} AC rotating exclter

Fig 6 AC voltags of AC network according to
exclter type

3.3 System Response with Modified Static Exciter
Systems

The static exciter is modified as shown in Fig.

&(a) by replacing the thyristors in the lawer arm aof
the rectifier with diodes.
The effect of this modification is that Vymin
i1s 0. To show how it affects the HVDC
system behavior, an AC single phase fault was
shown. Fig. 9 (a) shows the DC woltage
response with modified exciter shown in Fig 8
(a). As shown in Fig. 8 (a), the modification
clearly mproved the steady state
performance(0571.0lsec]). However, the peak
over-voltage(1.5[p.ul) during recovery is very
high, This is mainly attributable to diminished
negative field forcing ahility.

DC Voltage

DC Voltage

Fig 7 DC
synch

Time
{a) With tuned HVDOC gains

Time
(b) With tuned exciier gains

voltage of HVYDC with static exciter fed
ronols compensator

Gen.

I

{a) Modified stalic axciter.

I
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C g :|
$ T * ‘-]_ + GTOAGET
Diod Bridge Inverter

Ballery/UPS

{b) Proposed exciter system

Fig. 8 Modified/Proposed excitation system
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Proposed static exciter as shown in Fig 7(b} in the
cese of Vymax =8 and Vymin =—4

Fig 9 DC vo!tage Waveform of HVDC for the
proposed static exciter

Ancther change to the exciter as shown in
Fig. 8 (h) was also studied. This change
includes an independent power supply and a
fulty controlled inverter sysiem., The system
response  is shown for a single phase to
ground fault in Fig. @ (b).

This excitation system shows improved steady
state and post [ault response. However, in
Fig.9 (h), an oscillation due to the rotor
dynamics of the synchronous machine is’
observed. Adjusting the negative ceiling
voltage to -4 [paul provided a better control of
over-voltage as shown in Fig. 9 (¢).

4. CONCLUSION

Although synchronous compensator improves
the svstem strength and essential in weak
HVDC systems, it is Important Lo select proper
exciter systems to achieve optimuwm
performance.  Static  exciter has a [aster
response commpared to the AC rotating type
exciter. However siatic exciter can bhe less
stable than the AC rotating type exciter. By
properly adjusting the negative {lield forcing
limits, it is possible (o achieve a [asl and
stable excitation system. Modification to the
conventicnal excitation system included a
controlled inverter an  independent power
supply  (batterv). The improved performance
was venfied through chgital simulabion using
electromagnetic  transient simulabion program
EMTDC.
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NOMENCLATURE

Tr: Sensor time constant,

Tt Lead compensator gain,

Tg! Lag compensator gain,

Vyemax: Max. ceiling voltage,

Vemin - Min. ceiling voltage,

V@ Generator termunal voltage,

T o : Exciter time constant,

V amax : Max. celhng voltage of exciter generator,
Vamin: Min. ceiling voltage of exciter generator,
T gy Exciter generator time constant,

Ky Exciter generator gain,

T 4o D-axis transient time constant,

T at AC rotating exciter lag compensatar,

Ewp: Exater output voltage,

Z: AC line mmpedance,

Z: AC flter impedance.

Z. AC penerater impedance,

gt Fundamental frequency of AC network.

P4 DC power,

AV Availlable generator voltage.
APPENDIX
@ CIGRE MODEL PABAMETER

) HVDC Capacity : 1000[MW]

& HVDC DC Voltage @ 500[kV]{per 1 pole)
O HVDC DC Current : 2000[A]

O HVDC 1 Pole @ 12-pulee Converter

O HVDC Construction © Binloe
Minimum ¥ 15 [degree]
DC line Resistance : 5[2]

AC network Impedance( Z,) =
AC network Voltage @ 2300kV]
AC/DC TR. Leakage Impedance @ 18[%]

5290421
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O Filter and Capacitor
-Low Pass Filter : 80[ 2]
-High Pass Filter - 7.5021]
~Fixed CapacitGor : 13.05[2]
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