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GMPC Enables Energy Transmission Over
Interconnected SAPP Grid

Pieter V. Goosen, Peter Riedel, and John W. Strauss

Abstract—The grid master power controller (GMPC) controls Bus
the generation at the Cahora Bassa hydro power station in Mozam- @ i @ C? @ @
bigue and its dispatch through parallel ac and dc interconnections. Bus_AC Bus_bC
The bulk dc power flows directly to South Africa while ac power is Line | Songo |
delivered to Zimbabwe that is also interconnected with the South %’EZ'SZ' Y
African ac grid. This paper describes the GMPC functions in its Bindura Line 262 km
v_arious control modes that are required for the system configura- Bindura =
tions. DC Lines 1414 km
It features adaptive gain and offset compensation for precision - : Fi2 l
open-loop control of the HVDC and the turbines; robust control Insukamini = TCBR/

BSBR

strategies for nonresponsive generation or transmission; fast
GPS-based angle measurement for damping control; robust au-
tomatic control-mode-selection independent of remote signalling; Matimba
controls for proposed braking resistors; and smooth and safe
control transfers between the GMPC and its emergency standby
controller (EC).

The success of the GMPC is evident from the fact that the “angle Fig. 1. Coupled operation in angle mode (ZESA-Eskom link closed as shown)
control mode” in which the high power HVDC system operates or in ZESA mode (ZESA-Eskom link open).
parallel with the weak ac interconnection, has become the unre-
served and preferred choice ever since its commissioning in Oc- TABLE |
tober 1999. KEY DATES OF CAHORA BASSA SCHEME

Index Terms—Cahora Bassa HVDC, grid master power con-
troller—GMPC, parallel ac/dc operation, ac/dc interconnection,
braking resistors, frequency control, angle control.

May | 1972 | Diversion tunnel through the North Bank completed
Dec | 1974 | Filling of the Cahora Bassa lake commenced

_Sept | 1976 | Rotation of the first generator set
June | 1979 | Commercial operation with 1920 MW HVDC to Eskom
June | 1980 | Interruption of commercial exploitation

[. INTRODUCTION June | 1992 | Contract 500 MW for Zimbabwe

. . Dec | 1997 | Start of ac power delivery to Zimbabwe
ECTION I provides an overview of the power system com- “Nay [ 1998 | Pre-commissioning of HVDC in isolated mode
onents and the GMPC. Section Il discusses operating con _Aug | 1998 | Restart of HVDC commercial operation to RSA

figurations and related control modes. Section |1l deals with the -Q¢t_11999 | Final acceptance tests of GMPC for all control modes
functions and features of the GMPC. It also details the chal-
lenging conditions related to operating a high power dc systeated for 1800 A and-533 kV. Each pole consists of four six-
in parallel with a weak ac interconnection both connected topallse bridges each rated for 133.3 kV and 240 MW.
nonideal and isolated hydropower station. Section IV summa-The commercial operation of the final stage of the 1920-MW
rizes the advantages of the angle control mode with Section V@ahora Bassa HVDC scheme for delivering power to South
lustrating the GMPC'’s performance with the aid of recorded réfrica originally commenced in June 1979 (see Table 1I).
sponses to typical faults initiated during final acceptance testirtdowever, dc line sabotage completely halted operation in

The five 480-MVA generators (Fig. 1) at Cahora Bassa fed®84 [1]. Renewed commercial exploitation commenced in
into the dual 220-kV busbar substation in Songo 6 km awayecember 1997 but with the change that 500 MW at 330 kV
The main ac and dc loads are each dedicated to a busbar. abéad, in the meantime, been dedicated to Zimbabwe via the
HVDC bus is defined as the “dc bus,” whereas the Bindura aew Bindura line. Due to the fact that Zimbabwe had in the
line feeding Zimbabwe is normally connected to the “ac bustfieantime also been connected to the South African grid, a
The low power local ac loads (not shown in Fig. 1), that is, twaeak ac link in parallel to the powerful HVDC system had
220-kV lines to Tete in Mozambique and system auxiliaries mdeen created. The original master power controller (MPC)
be connected to either busbar. The GMPC is prepared for futtihat had been designed for “islanded” HVDC operation had,
braking resistors. The 2 960-MW bipolar HVYDC system is consequently, to be replaced by the new GMPC.

The HVDC system was restarted in the original island mode
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Fig. 2. Software overview with main inputs and outputs of GMPC.

created freedom for optimum exploitation of the ac and dc sys- [I. OPERATION AND CONTROL MODES
tems and their shared generation in all possible configurations. )
Reference [2] summarizes the GMPC control features for p4t- 1Solated Operation

allel ac/dc operation. These functions were initially tested per|n this mode, the HVDC system is isolated from the Bindura
TNA and later also with Supplementary dlgltal simulations mee by having the bus_coup|er in F|g 1 open. The GMPC con-
fore completing the GMPC’s commissioning in 1999 [3]. Alyrols the turbines on the ac bus to provide constant power to
though the basic controls established during the design stage aB&A. On the dc bus, the GMPC maintains exact power bal-
TNA testing remained unchanged, modifications and enhanggrce at 50 Hz by modulating the HVDC output around its base
ments were introduced during the d|g|ta| simulations. These iﬁower order depending on the frequency error. Proportiona'_
clude eliminating dependence on remotely detected ac intercgftegral control is used for this “frequency mode” of opera-
nector statuses; eliminating the special interconnection proggn. Proportional characteristics provide fast but course fre-
dure for closing the Matimba line (Section 1ll.G); enhancinguency control whereas the integral portion provides the exact,
damping of HCB-ZESA oscillations with the derivative of theyyt slow 50-Hz control. A high gain “disturbance controller”
measured Bindura line power (Section 111.D); introducing thgsee also Section 111.B) takes over from the slow integral con-
“ZESA control mode” (ZESA-Eskom link open) (Section ll);troller during large disturbances and ensures that the integral

implementing the turbine, HVDC, and busbar reference/actu@ntroller is primed with the best initial value at its reactivation
(R/A) correction and supervision; enhancing the Bindura ovesfter a disturbance.

load protection (Section III.B, E), and the simplification of the
ZESA “transient power reduction” functions. L

Fig. 2 provides an overview of the GMPC function packageBs' Coupled Operation in ZESA Control Mode
with the relevant inputs and outputs. The main inputs via theln the ZESA mode (Fig. 1 with ZESA-Eskom link open), the
operator interface are the ac and dc power orders (PorderGMPC supplies constant power to the Northern Power Pool and
and PorderZi) as well as the power limitations for the individuahere is no ac coupling with the large Eskom system some 1000
turbines (PLimTL1..5). The turbine power orders (PrefT.15) km away. Since the pool frequency is controlled by the con-
and the base power order for the HVDC poles (Pdcl, 2) are caécted utilities (totaling approximately 2000 MW), the GMPC's
culated in the GMPC function groups for ‘“Turbine and HVDGntegral frequency controller is disabled and its proportional
power order calculation’. The power orders that are finally seoontroller’s gain is significantly reduced. Due to its nonlinear
to the HVDC control (PrefDC1, 2) include the modulation comgain, the latter controller effectively has a dead-band:-060
ponents which are derived in the function groups for ‘HVYD®1Hz in this mode. This control strategy is hecessary because the
power modulation and balance controls’. contractual constant-power requirement for Bindura becomes
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incompatible with the GMPC exercising frequency control utthe dc busbar must be tripped for protection against HYDC in-
lizing Cahora Bassa’s generation. Operating Bindura at the fdliced harmonic peak voltages. The GMPC'’s high-gain “distur-
power rating of its 220/330-kV coupling transformer leaves noance frequency controller” is designed to help prevent ac filter
upward control margin for underfrequency support of the ZES#ipping (see Section II.A). When the filters nevertheless do trip
system. Thus, to avoid overloading the Bindura link (as woulsh frequency excursions, the GMPC orders a busbar voltage
happen if the HVDC were ordered to release load for counteringduction from the generator exciters to reduce the harmonic
underfrequency), it becomes essential to disable the GMP@&aks.

exact (integral) frequency control and to weaken its proportionalWhen system stability demands fast turbine ramping to match
frequency control. The remaining weak proportional frequengeneration to a stepped HVDC reduction, all turbines under
control outside the “dead band” then only provides “last resorGMPC control, even those operating against operator-set limits
control for severe underfrequency that may cause splitting of tfee cavitation control will initially be forced to participate in

ac and dc systems. the ramping. This function is especially important when a trip-
ping of a remote inverter bridge is only detectable as a sudden
C. Coupled Operation in Angle Control Mode dc voltage reduction (see Section VI.C). The turbines have two

. o significant cavitation zones that restrict continuous operation.
In angle mode (I_:|g. 1), the GMPC stablllze_s the paralle_l aqge 50-150-MW range must be passed rapidly whilg 30-min
system by modulating HVDC power as afunction of the derive eration is permitted between 150 and 300 MW, provided that

tive of the Cahora-Bassa/Apollo voltage angle and the derivg;rgm ressed air is available for the alleviation of cavitation
tive of the Bindura power. The HVDC is essentially operated in P Iris aval . viatl , vitation.
Due to the relative power ratings, the HVDC's power step

a constant power mode. for avoiding intermittent current operation during blocking/de-
blocking of a pole may constitute a problem for the loading of

1. TASKS AND FEATURES OFGMPC the Bindura line. The GMPC provides a specially smoothed PPO

A. Power Order Coordination and Limitation function (Possible Power to zero) for one or both poles for this

. . . . urpose. This convenient operator function rapidly ramps away
The GMPC coordinates generation with combined HVD e power of the outgoing pole and utilizes the transient 125%

and Bindura power orders. It prescribes the orders for the .. : - .
HVDC, the Bindura line, and each turbine under its controlioadlng capacity of the remaining pole to compensate the final

0 ) X .
Note that contrary to the controlled flows on the Bindura Iine(())fI dS;eranli[n??(l)eabllggkll\z\?\} 32 aoﬁ(;:?ersatzg% oggg_OMl\\//IVV\gXth(;srt
and the HVDC, those on the Tete lines are determined sol? P y P

. . Bindura if not carefully controlled. Depending on the initial
(0 26 loads, and therefore, HVDC load 1 sactffoed untl affach 0 rbine ramping may be reied to take a pole ot o
ac loads, including that set for Bindura by the operator, ha\cl)geratlon. It may even be possible to accommodate the final

been satisfied by the generation. This means that when an * quer step without transiently overloading the remaining pole.
> by Lo o : similar function (PPO Release) controls pole deblocking.
generator trips, its contribution to the ac load is immediate

y Balancing the power generation and load is complicated by

subtracted from HVDC order. . . the nonideal and time-delayed response of the turbines. Steady-

The GMPC limits HVDC and turbine orders to the maximum . : o

) ) . : tate power of a Francis turbine depends primarily on the gate
available generation capacity and the possible power of the

HVDC. The latter limit is derived from any HVDC currentqpemng and the meer. he"."d- Itis also |r.1fluenced. by unit's posi-
tion in the hydraulic circuit. The combined maximum turbine

g’:'fta:;ﬁgf ?er:jd g:jtgta:o(lcsvgtcagrféthoﬂt\:gantizaggt%.gaéower varies by some 200 MW, depending on the max/min
u u y u ! ” servoir levels (Fig. 3). However, despite this, each turbine’s

o . \ . T
for t.he purpose of a\_/0|d|ng pgrsustent or |nt_erm|ttent over_mc_)g%mrol has a fixed linearizing curve. Component drift in this old
ulation into the transient loading range. Additional power limit

mav be applied in order to avoid overloading the Bindura Iinaéiscrete electronic technology circuit and the associated analog
Y PP 9 communication with the power station makes each turbine’s

or to prevent damage resulting from inappropriate open-lo ntrol response prone to individualized gain and offset errors.

responses f“’”.‘ any of the HVDC pol_es or the turbmes. Sllhis results in unequal power sharing with the same GMPC
is particularly important to guard against offset, gain, arr:g

limitation errors in the open-loop turbine control subsyste ower orders or worst, un.e.xpected Tun-away” |nto_ overload

(also human error) that may create high reference/actual pov\\'?hren offset drifts ggt amphﬂet_j by the close-loop gain that de-
pénds on the machine’s opening.

errors. . .

Turbine power may also vary due to human interference or
plant restrictions that are not announced to the GMPC. These
factors make it possible to order power above a machine’s

Maintaining good steady state and dynamic load and getteclared capability and forcing it against this hidden limit
eration balance is always important. The coupled mode, howhen the GMPC strives to reach the higher operator-set limit.
ever, requires the best and fastest power balance to stabilize@oasequently, with matched open-loop parallel power orders
Bindura power. In the “isolated mode,” exact open-loop powéo the turbines and the HVDC, only the HVDC would respond;
balance improves frequency control. thus raising the load without matching generation. This tends

Songo’s single-tuned ac filters are intolerant to significad cause transient frequency deviations or reduced power on
frequency deviations. Without ac filtering, passive ac loads d¢he Bindura line.

B. Power Balance Between Generation and Load
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1 I the temporary offset error as gain errors. Since the busbar R/A

z 14 H :‘::::m controllers act i|_1 the proportional mode, the corrections are as
212 -—a—113:5m e — fast as the tL_erme R/A. contrpllers would allow (sqme tens of
:g o o P seconds) while the turbine gain controllers operate in the 1000-s
o[t LT o
%M ' // C C. Protection of AC System Against DC Disturbances
< o2 A The relative high impedance of the ac link from Cahora Bassa
0 —/ to Eskom makes it susceptible to power oscillations. Disadvan-
O 02 0 eOpening pustzimm - 01 tages for coupled operation derive from the impact of large dc
power disturbances on the weak ac system. These relatively
Fig. 3. Turbine power depending on gate opening and water level. frequent events result mainly from converter bridge tripping
(16 in scheme), inverter commutation faults induced by dips
Tutine 4 B Remped Turbine Power Reference in Esk_om’; extensive ac system and dc line faults. The latter
MW B [orine Actual Power with Franci utbine are primarily due to seasonal fires along the total 2828 km of
monopolar dclines. Because the ratings of the Cahora Bassa ma-
Inital chines, bridges and HVDC poles are disproportionately large to
the spare ac transmission capability from Cahora Bassa through
ZESA to Eskom, a relatively normal event on the HVDC could
Final Referance : AN constitute a major incident for ZESA. In coupled operation,
-~ " — J— 1;'1 rejected dc load always attempts to escape through ZESA to
Eskom. Without timely GMPC action, such sustained flow has
Fig. 4. Water hammer effect during power ramping. the potential of collapsing the ZESA system with undervoltage

and overload.

In addition to the above open-loop response errors, dynamicThe spare and transient overload capacity of the healthy
turbine power is also affected by the “water hammer” phenort#VDC pole buffers power rejections of the other pole, and thus,
enon as shown in Fig. 4. A range of special smoothing functiopgotects the system stability. It attempts to absorb excess power
influences power order changes to mitigate this behavior. Thegtil the turbines have adapted. With insufficient overload
act under all conditions to adapt power orders and ramp ratesapability, the GMPC would rely first on the proposed braking
minimize water hammer effects while controlling for optimuniesistors and only second on the busbar splitting criteria.
stability and for protecting the hydraulic system against preglowever, in the absence of braking resistors protection depends
sure surges. on the ac/dc busbar isolation criteria. Most important of these

Particularly during fast turbine ramping, the HVDC powegriteria are the maximum angle and two excess energy criteria.
needs to be modulated with calculated compensation to neghie energy level for bus splitting depends on whether one or
the disturbing effect of water hammer power. both poles are affected and also on HVDC loading and bridge

Despite the efforts to compensate for these variable chargonfiguration. The more stringent energy criterion applies
teristics, disturbing open-loop control errors especially in tHer a bipolar current reduction event as typically triggered by
turbine controls remain inevitable. In the steady-state, these nverter commutation failures. Splitting is also triggered if the
rors are therefore detected and translated into gain, offset, &hdDC system fails to follow one of its pole orders (typically
limit corrections. These R/A controllers must also account felue to transient telecommunication failure during dynamic
the ever-active governors that add frequency-dependent camrrent control at the inverter). Since coupled busbar operation
pensation to the GMPC's orders. If possible, the R/A controlleggn only be safely maintained if the GMPC has full control of
ensure slow but exact execution of individual steady state orddhe HVDC, it is essential to end this mode as soon as such a
For the dc turbines, these controllers provide offset correctigmoblem arises. After ac/dc separation, the GMPC controls will
below 100 MW. Above 100 MW, the offset errors drive the turdeal with the misbehavior in the more robust frequency control
bines’ very slow gain compensations. mode by shifting load between poles and forcing a power

Each busbar also has a R/A controller, ensuring that its grotgsluction by reducing the nominal dc possible power. The
of turbines executes the total busbar order within a small erfeus-coupler is the default split point but the common busbar
margin. These proportional controllers act directly on their agrode would require tripping of the Bindura line for splitting.
sociated turbine R/A controllers. Although a busbar's R/A con- o ) .
troller detects the same transient power errors, while its uR: Stabilization of Interconnection After DC Disturbances
derlying turbine R/A controllers settle, its main purpose is to During dc disturbances, a portion of the excess energy surges
counter persistent errors resulting from a turbine running intbrough the ac system and stimulates oscillations in the parallel
an unannounced limit. In effect, the busbar controllers compeae networks. The energy absorbed by the ac network depends
sate the power error (initially absorbed by the HVDC) by raisingn the magnitude of the power surge through the bus coupler
power on the “healthy” turbines of the particular busbar. and determines the increase in angle between Songo and Apollo.

While a busbar R/A controller is adapting, the associated tuMot only does the loss of dc power import at Apollo cause the
bine gain controllers are stopped to prevent them from absorbiagkom frequency to slow down, but excess power on the Songo
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busbar also accelerates the Cahora Bassa machines. Both effactdutomatic Control Mode Changes

contribute to the angle increase. The ac system oscillations are o
damped by HVDC power modulation ordered by the combined Th? GMPC promotes bus coupler (BC) synchronization bY
actions of Angle and ZESA power controllers (Section V'A)c':reanr'\g slow slipping between the.ac SVS‘e”.‘S.' Its automatic
Since the HVDC recovers in about 100 ms after commutati lection of control mode is essential for realizing robust and

faults, itis well able to provide some effective modulation powesrafe control§ for parallel ac/dc operation. Th'_s GMPC control
de selection is based solely on the evaluation of the rate-of-

afterits recovery. The angle can therefore typically be controll ! . .

below the split limit at 125. With proposed braking resistors tochange of apgle and is thus independent of status signals from

transiently help absorb rejected dc load, system security woﬂiﬂ? remote links. . . i

be further improved. The energy surge that stimulates oscilla-1he¢ GMPC automatically changes from “frequency” to

tions would be reduced and extra modulation power over arfd=>A" mode for the following two cases:

above that transmitted by the HVDC would be available. « if the BC is synchronized without the GMPC's intercon-

After splitting the ac and dc systems, the HVDC and braking  nection procedure;

resistors can no longer affect the stability of the disconnected ¢ if the BC is in the closed position with the Bindura line

ac network and the burden to stabilize the ac network reverts to  disconnected and the Bindura line breaker is closed (local

the generator power system stabilizers. The GMPC activates the or remote synchronization with ZESA).

generator power system stabilizers (PSS) systems of ac gener®n the other hand, if during ZESA mode, the GMPC de-

tors loaded above 100 MW when it splits the ac and dc busbakscts that the HCB/ZESA network has become synchronized
with Eskom (i.e., an ac path exists in parallel to the dc link),

E. Overload Protection for Bindura the GMPC will automatically change over to the required angle

. . . . . ntrol mode.
Since the turbine governors remain active even during GMF98 . . . o
When in angle mode and one of the isolation criteria is vio-

control, the 220/330-kV Bindura coupling transformer may be ed, the GMPC opens the split point (usually the bus-coupler)

overloaded when the governors increase power in responS(laaéc()j reverts to the frequency control mode
ZESA under frequency. The GMPC is designed to maintain tRO q y '

Bindura power order and with its ac turbine R/A control, nor- When in angle mode, the GMPC will change over to ZESA

mally allows only short-term deviations. Additional control i%rir:)%d; (keeping the bus-coupler closed) for the following condi-

therefore required to prevent Bindura overloading. If Bindura
operates separately from the HVDC, its possible power is de- * GMPC detects that the HCB/ZESA system has become
rived from the maximum possible ac generation (operator-set asynchronous with Eskom (e.g., after opening of the re-
limits), less the measured uncontrolled ac load (Tete and auxil- Mote Matimba line (Eskom-ZESA link);
iaries). If Bindura is coupled to the HVDC with an order greater * Violation of negative angle limit (Section IV.D);
than 300 MW, Bindura’s maximum possible power is deter- * after tripping the Bindura-Dema line (Section IV.E);
mined from its order plus 50-MW margin. A maximum limit
of 550 MW is imposed and whenever these limits are exceeded,
the turbines are ramped down at 0.5 MW/s. The maximum pos-
sible ramp rate of 22 MW(/s is reserved for special occasions.
Thatis when a Bindura-Dema line trips or a permanent remoke g| Exploitation of All Generators (See Section |)
ZESA fault is detected.

If the bus coupler carries power from the ac to the dc busb@r Security for Remnant AC Load at Bindura (ZESA) Against
when it is tripped, all of the ac busbar generation would déenerator Trip
forced down the Bindura line. Under these conditions, the

GMPC trips excess generation on the ac bus to avoid overloac!n COl.Jpl'Ed mode, the _|rn_pact of a generator trip on the ac
tripping of the link. system is much less than in isolated mode because HVDC power

would instantaneously be sacrificed to maintain the ac flow. Fur-
thermore, the standby ac generator (normally operating with low
power to avoid cavitation) would be available for generation re-
An essential precondition for the angle control mode is havirggrve to both busbars.
an intact measurement system as well as fast and reliable comnin isolated mode, the security of Bindura and other ac loads
munication from Apollo to Songo. Part of the GMPC’s angleequires two generators on the ac busbar. This leaves at most
and frequency measurement equipment, including a GPS clabkee for the dc side. Also after tripping the loaded ac generator,
for telegram synchronization, is situated in Apollo. Relying othe ac system will experience a transient generation loss while
the fixed transmission delay of the telecommunication systethge standby unit ramps to full power in less than 20 s. To achieve
GPS-clocked angle information is transferred by dual power likeis favorable response from the standby machine, the GMPC
carrier systems (PLC) operating over the HVDC lines and theisets all operator-imposed limits whenever a generator with
earth wires. During transient PLC failures, the GMPC revertaore than 100-MW trips. The same resetting is applied for the
for 1 s to an angle estimate before it splits the ac/dc systerds.generators operating in whatever mode.
This GPS-based angle measurement for ac system control and@ripping the BC is treated as a generator trip event on both
damping is the first known application. busbars and all turbine limits are reset to 400 MW.

IV. ADVANTAGES OF COUPLED OPERATION

F. Fast Angle Measurement
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C. Free and Quick Transfer of Equipment order) for the duration of the fault clearing as indicated to the
. . GMPC by the line protection. The power increase on the HVYDC
Oflg Cjumgﬂtr?ogﬁigﬁg r(ISMF;iep;?rgs fIEStee ﬁ?nigu'ggériziﬁ_rhowever limited by its nominal capacity. In frequency mode,

quip P y9 ' ' a three-phase trip of Songo-Bindura line represents a total load

laries) between busbars. In part|_cular, this obw"_;\tes th?.”er% ection for the ac generators and the loss of the Tete lines that
for an HVDC shutdown for swapping the only station auxmar)évere connected to the ac bus

supply between busbars.

) G. Prevention of Generator Overfrequency for Bindura Line
D. Enhanced System Performance After Interruption of  yjpg

ZESA-Eskom Link )
In the coupled mode, the ac busbar over frequency resulting

Although the ZESA-Eskom power flow is not monitored byfrom a Bindura trip can be countered more effectively by
the GMPC, its actions indirectly depend on the direction of theamping down all available turbines and also by utilizing the
prefault power flow on that link. Violating the positive max-maximum capacity of the HVDC.
imum angle limit is indicative that ZESA had been exporting
power to Eskom at the time of its tripping. Splitting the systems. Enhanced Stability for the DC Bus
by interrupting the BC flow would therefore be beneficial for

ZESA's stability and the GMPC thus trips the BC and reverts rfot Efven ifthe 'I‘D’% has tot_be obpened, the dc b,\L/ljj tr?_rgaently bene-
the frequency control mode. its from coupled operation because many MJ of its excess en-

On the other hand, if ZESA were importing power fronEray resulting from dc faults, can escape through the ac network

Eskom, the angle would typically violate its maximum negativté) Eskom_. Spmeumes th|§ energy release might avoid overfre-
ency tripping of the ac filters.

value. In this case, the conditions for ZESA would be worsen&yf

if the power transfer through the BC would also be interrupted. ]

The GMPC therefore rather keeps the BC closed and change®amping of Parallel AC System

from angle to ZESA control mode. Parallel ac/dc operation offers superior damping of low fre-
guency ac system oscillations that occur after faults or switching

E. Protection of ZESA Following the Loss of Bindura-Dema in ZESA or Eskom. This is especially important when Bindura

or Dema-Warren Line operates at high power near the stability limits and while ZESA

exports power to Eskom.
The loss of one of these lines with a strong influence on the

transfer impedance during isolated mode would most likely also
bring about the tripping of the Songo-Bindura line to cause a
total blackout of Bindura and Dema. A. DC Line Fault in Angle Control Without Isolation

.In. an%Ie modltle, howeyer, there is a goo:j chanﬁe 0:: mai_n'The HVDC operates in angle control mode in bipolar oper-
tammg the small remaining Bindura/Dema load. Therefore, fhjq, yith two bridges in pole 1 and three bridges in pole 2 at
the Bindura power suddenly _drops from prefault value abmﬁoo MW (100% loading). The bus-coupler is closed. Two ac
3_’50 MW to below 22(_) MW while the H\_/DC has 100-MW CONfilters and generators 1, 3, 4, and 5 are connected to the dc bus
tinuous spare capacity, the GMPC switches to frequency magde o, the ac bus S2, generator 2 (409 MW) is feeding Bindura
without opening the BC to split the systems. This would be do 11 MW), Tete 1 (4 MW), Tete 2 (21 MW), and the Auxiliaries
despite the fact that the maximum angle had been violated. MW). The BC power is 34 MW from the dc to the ac side. A
the BC rgmaining glosed, the surplus ac generation can be pa t@b mslaer — 0 command is issued for pole 1 (two bridges)
d!verted into transient HYDC overloaql. As a consequence, iRy simulate a de line 1 fault. The energy surge of 95 MJ through
ping of the ac generators and the Bindura and Tete lines (ﬂ'?_é BC remains below the 110-MJ limit and no splitting is re-
sum?d (‘;0 be ct>)r_1|.thefaﬁ busbar)bmay Zehaverted. The dyna'aﬂh(fred. The GMPC overloads the unaffected pole (Fig. 5). The
overload capability of the HVDC beyond the 100-MW spare C%ess than 5% calculated voltage drop at Bindura validates the

pacity combined with the ramping of all turbines contributes 9, < jitting resuilt. The oscillations of the angle, Matimba, and
the GMPC'’s efforts to protect the remaining Bindura and Te@ESA powers are well damped after the dc line fault
loads. '

V. MEASUREDRESPONSES TADC LINE FAULTS

B. DC Line Fault in Angle Control With Isolation

Starting with the same prefault conditions as before, a 160 ms
I3 = 0 command for pole 2 (three bridges) simulates adc line

The HVDC power modulation is used to assist the ac systérfault. The energy surge through the BC exceeds the 110-MJ
stability during the clearing of single-line-to-ground faults omsolation limit and the systems are split. The GMPC correctly
Bindura as well as remote ZESA faults. With a prefault floveverloads the unaffected pole (Fig. 6). Isolating the ac system
of less than 200 MW, single-phase fault clearing affects onlyfeom the dc comes early enough to prevent the Bindura voltage
part of the line’s ac load transfer capacity. The GMPC compedropping below 7.5%. After “clearing” the dc line fault, the ac
sates for this loss by rapidly increasing the HVDC's (or brakingystem is damped by the PSS of the ac generator, which was
resistor) orders by an appropriate amount (30% of the Binduzaabled by the GMPC.

F. Enhanced Transient Stability for Bindura Single-Phase or
Remote Faults
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Fig. 6. Test 9.0/3, 30.September 30, 1999, 00:21, dc line fault in angle control (with isolation of bus-coupler).

VI. CONCLUSION
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performance following the interruption of ZESA-Eskom link.
Due to the very weak ac system interconnection; the narrow
Although optimum exploitation of all machines was thdrequency band for the ac filters; the dependency of turbine
main reason for coupled ac/dc operation, this configuratiautput on fixed governor precontrol characteristic; the water
also offers other important advantages for the interconnectedemel and water hammer effects, a new specialized power con-
system. These are enhanced dynamic stability, transient HVErGller (GMPC) became essential for the successful realization
support for Bindura single-phase faults, better protection fof the parallel ac/dc operation.
ZESA against tripping of Cahora Bassa generators, tripping ofNotable features of the GMPC are robust design with mini-
Bindura-Dema or Dema-Warren lines, and enhanced ac systeiaed external status information, inclusion of controls for fu-
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ture braking resistors, adaptive reference/actual control and
pervision of HYDC and turbines to make it robust for all con
ceivable plant faults, fast GPS-based angle measurement,
automatic control-mode-selection-logic.

Even without the proposed 720-MW braking resistors, t
GMPC is capable, through application of various isolation ¢
teria, to realize safe parallel ac/dc operation in which both the
and dc systems are well protected from disturbances in the ot
The main isolation criteria are the maximum angles and two €
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