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Abstract. The growing share of renewable energy sources (RES) and the decommissioning
of synchronous generators significantly reduce power system inertia, making transient stability a
critical challenge for modern power grids. Traditional emergency automation with fixed threshold
settings is no longer effective under these conditions. This study argues for a shift from static to
adaptive control methods using real-time monitoring. The proposed approach relies on a Stability
Margin Monitoring System (SMMS), which calculates critical voltage angles between nodes using
WAMS and SCADA data. This enables dynamic adjustment of emergency control parameters
based on the actual grid state and inertia level. The approach is demonstrated on transient
simulations of the Mangystau power system in Kazakhstan. The results show that reduced inertia
leads to loss of synchronism, but adaptive control with targeted load shedding (e.g., 300 MW)
restores stability, whereas smaller volumes are insufficient. This highlights the importance of
accurately selecting control actions. The method helps avoid excessive disconnections and increases
the reliability and efficiency of low-inertia systems. Despite risks such as telemetry failures,
adaptive control offers a modern tool for preventing cascading outages in grids with high-RES
penetration.

Keywords: steady-state stability, transient stability, stability margin monitoring system,
emergency automation, inertia constant, inverter-based resources.

Introduction and background

Maintaining stable parallel operation of power systems has been a key issue since the
emergence of large interconnected grids. Loss of stability leads to loss of synchronism between
generators, causing asynchronous operation with differing rotor speeds. This is one of the most
dangerous modes because it produces severe voltage fluctuations [1], potentially disconnecting
auxiliary systems of thermal and nuclear plants [2]. To prevent such events, emergency control
schemes were developed—Iload shedding, generator tripping, excitation boosting, and reactive
power control [3]. These actions are triggered by predefined events or parameter thresholds,
calculated in advance for worst-case operating conditions.

However, with growing penetration of inertia-less RES and the shutdown of synchronous
thermal units, transient stability becomes more problematic [4,5]. Even if RES support voltage and
reactive power, reduced inertia weakens the link between steady-state and transient stability. From
the rotor motion equation, the rate of rotor angle change is inversely proportional to inertia; thus
lower inertia increases the chance of reaching critical angles and losing synchronism.

Advances in digital technologies—SCADA and WAMS—now provide wide-area real-time
visibility of grid parameters. This enables centralized stability calculations through systems such as
the Stability Margin Monitoring System (SMMS). Its concepts and operation principles are detailed
in [6-9]. SMMS allows adaptive emergency settings rather than fixed thresholds.
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This paper continues previous studies of the Mangystau power system [4,5] by introducing
an adaptive emergency control method not previously used in Kazakhstan.
The main contributions are:

1. addressing transient stability challenges caused by high RES penetration;

2. proposing adaptive emergency control using WAMS and real-time stability
calculations instead of fixed thresholds;

3. demonstrating the effectiveness of this approach through simulations;

4. reducing unnecessary load shedding inherent to fixed-parameter schemes.

Section 2 explains the transient simulation methodology, scenarios, inertia reduction,
emergency control implementation, and PowerWorld Simulator 23 settings. Section 3 presents and
discusses the results using angular characteristics. Section 4 concludes the paper.

Methodology

For analysis purposes this paper refers to the computational model of the Mangystau power
system developed in [4]. The initial parameters of the power system mode is as follows (Figure 1).
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Figure 1. Initial operation mode of Mangystau power system

91,8178 MW

The emergency mode of operation of this circuit is the emergency shutdown of one of the
220 kV interconnect lines. After disconnection, the circuit weakens, and all the power flowing
through the disconnected line is transferred to a parallel undamaged line. According to the Newton-
Raphson method the solution of regime in the post-accident regime has convergence, so we can
assume that the steady-state stability is preserved. However, due to the weakening of the circuit and
the decrease in the angular characteristic, the voltage angle 6 increases from 17.157 to 40.08
degrees. The electrical parameters in the post-emergency mode are shown on Figure 2.

Thus, using expression dcrit = 180 — Opost-emergency, it 18 possible to calculate the critical stress
angle according to the criterion of transient stability (140 degrees). Therefore, this angle parameter
can be integrated into an emergency automation system that implements a control action using a
special load shedding automation (SLSA).
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Figure 2. Post-emergency mode after disconnection of one of the 220 kV interconnect lines

Control actions are formed using an emergency automation system that includes automatic
dosing of control actions. The registration of the fact of disconnection of the 220 kV line and the
value of the voltage angle & are accepted as the starting element. If, during an emergency shutdown
of the 220 kV line, the value of the voltage angle 6 exceeds the critical value calculated by the
SMMS, the load from the SLSA is disconnected by an amount sufficient to maintain stability. In
this paper, the load shutdown values of 250 and 300 MW are considered.

Results and discussion

Figure 5 shows the characteristics of changing the voltage angle with an inertia constant of
5.68 s under conditions of impaired transient stability, as well as during the implementation of
emergency automation measures that turn off the 250 and 300 MW loads by 1.62 s. The plots show
that turning off the 250 MW load was insufficient to compensate for the excess kinetic energy
accumulated in the generator rotors in short-circuit mode short circuits. As a result, the voltage
angle continues to increase, reaching 180°, which indicates that the system is switching to
asynchronous mode. Switching off the 300 MW load, on the contrary, provides the necessary
energy balance: the braking area of the generator in the transient process exceeds the area of its
acceleration. This allows you to maintain the transient stability of the system, while the voltage
angle stabilizes and smoothly transitions to a new stable state.

314



Ne4 (53) 2025 «Yessenov Science Journal»

T
—— No SLSA

—— SLSA 250 MW

150 | = SLSA 300 MW
100
50

Voltage Angle (deg)

—100

-150 \\i- ‘
0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25
Time (s)

(

Figure 5. Voltage angle fluctuations with and without control actions

The simulation results are demonstrated in the angular characteristics of the power
transmission network shown on Figure 7.
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Figure 7. Angular characteristics (P vs. 8) for aggregated interconnect lines for 2 scenarios

Figure (a) applies a control exposure that disconnects a fixed amount of load via special load
shedding automation with 250 MW value. The essence of this example is the insufficient volume of
SLSA and the inevitable occurrence of asynchronous mode. When using SLSA, the straight line
Pinitial decreases to Pafier sLsa, thereby increasing the critical value of the angle according to the
criterion of transient stability. The key point is that the SLSA is applied as 93 approaches the first
critical angle value. However, the stored kinetic energy of acceleration of the generators is so high
that the volume of SLSA load shedding is not sufficient and the angle 33 still exceeds the new value
8crit2-

Figure 7 (b) illustrates the application of 300 MW load shedding from the emergency
automatics. In this case, the transient process up to the angle 63 is identical to the previous variants
with instability. However, at the moment 83, a large load is disconnected, and thus Pafer sLsa drops
much lower, thereby increasing the critical value of the transient stability angle. The angle increases
to the value 04, which does not reach the critical value, and, after several periods of oscillations,
returns to the steady state. The area limited by 03, 04, angular characteristic III and Pafer sLsa 1S an
additional decelerating area of synchronous generators, which is superimposed on the previous
decelerating area limited by 02, 83, angular characteristic Il and Pinitial, and their sum begins to
exceed the acceleration area of the generators during a short circuit.

According to the scenario in Figure 7 (b) shows the possibility of using SMMS to identify
critical angles for transient stability, taking into account all the regime-balance conditions, the
composition of the generators and their inertia, and applying the results of these calculations in the
triggering organs of emergency automation, which allows the power system to maintain stability
and avoid cascade shutdowns and blackouts.

Conclusion

With the rapid growth of inertia-less renewable energy sources, maintaining transient
stability in power systems has become increasingly critical. This study emphasizes the need for new
emergency control methods, as traditional schemes with fixed thresholds no longer ensure adequate
reliability under reduced system inertia.
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The research introduces an adaptive emergency control algorithm based on real-time SMMS
data. By determining critical voltage angles during post-fault conditions, the proposed method
enables fast, situation-dependent adjustment of control actions that reflect the current system state
and inertia level.

The practical value of the approach is demonstrated through transient simulations of the
Mangystau power grid. The adaptive scheme—metered load shedding of 300 MW triggered by
critical-angle detection—successfully restores stability and prevents asynchronous operation. A
smaller shedding volume (250 MW) proved insufficient, emphasizing the need for precise tuning
based on dynamic monitoring.

The concept, however, also presents several risks that must be addressed:

1. SCADA or WAMS malfunctions may cause incorrect SMMS calculations and
improper actions.

2. Determining the correct magnitude of control actions is challenging and depends on
operating conditions.

3. Automatic reclosers may either enhance or worsen stability if the fault is not fully
cleared.

4. Excessive load shedding can cause power flow reversal, potentially compromising

steady-state stability; in such cases, generation tripping may also be required.

Overall, the proposed method reduces the likelihood of unnecessary load disconnection and
enhances the efficiency and reliability of modern power systems. Integrating real-time monitoring,
stability-margin assessment, and adaptive emergency control provides a robust and practical
framework for maintaining transient stability in grids with high renewable penetration and for
preventing cascading failures.
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ABTOMATHYECKOE ITPEJOTBPAIIIEHUE HAPYIIEHUS NEPEXOHOM
YCTOMYUBOCTHU HA OCHOBE PE3YJbTATOB PACYETOB CUCTEMBI
KOHTPOJISI 3AITACA YCTOMYHUBOCTHU
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AHHoTaums. Pactymas 1071 Bo300HOBIsSEMbIX UCTOUHUKOB 3Hepruu (BUD) u BhiBOA U3
9KCIUTyaTalluid CUHXPOHHBIX F€HEPAaTOPOB 3HAYUTEIBLHO CHUYKAIOT MHEPLIMOHHOCTh SHEPTOCHCTEMBI,
4TO JAenaeT obecrnedyeHue YCTOWYMBOCTH B MEPEXOAHBIX MpOIeccax KPUTUYECKH BaKHOW 3ajaueit
JUIS  COBPEMEHHBIX JHEprocucreM. TpagulMOHHAas MPOTHBOABApUIIHAs  aBTOMAaTHKa C
(UKCUPOBAaHHBIMHM TOPOTOBBIMH 3HAYEHUSIMU B 3TUX YCJIOBHUSX yxke Hed(p¢ekTuBHa. B nanHOM
UCCIIEIOBaHUM OOOCHOBBIBAETCSI HEOOXOJMMOCTh IEpexXoAa OT CTaTHYECKMX K aJalTUBHBIM
METOJIaM YIIPaBJIIEHHUs C HCIOJb30BAaHMEM MOHUTOpPUHIA B peallbHOM BpeMeHu. [Ipemyaraemslit
II0/IX0JT OCHOBAH Ha CUCTeMEe MOHUTOpPUHra 3anaca yctonunBoctd (SMMS), koTopasi pacCUUTHIBaET
KPUTHUYECKHE YTJbl HANpPSDKEHUS MEXAy y3jamu, ucnonb3ys naHHele WAMS n SCADA. Oto
MO3BOJISIET IMHAMUYECKU KOPPEKTUPOBATh apaMeTpbl aBapUHHOTO yNpaBiIeHUS B 3aBUCUMOCTH OT
(aKTHYECKOr0 COCTOSIHMSI CeTH M YPOBHS MHEPLUMOHHOCTHU. J{aHHBIN MOAX0[ MPOJIEMOHCTPUPOBAH
Ha TpUMEpEe MOJEIMPOBAHUS TEPEXOAHBIX TMpoleccoB B MaHrucrayckoil sHeprocucreMe
(Kazaxcran). Pe3ynpTaThl MOKa3bIBalOT, YTO CHI)KEHHE HMHEPIMOHHOCTH MPHUBOAMT K IOTEpe
CUHXPOHM3Ma, HO a/IalITUBHOE YIIPaBJICHUE C LIEJCHANPaBICHHBIM COpPOCOM Harpy3ku (Hampumep,
300 MBT) BOCCTaHaBIMBAaET YCTOWYMBOCTb, B TO BpEMsI KaK MEHbIINE OOBEMBI OKa3bIBAIOTCS
HEJO0CTAaTOYHBIMU. DTO MOJYEPKHUBAET BaXKHOCTh TOUHOTO BBIOOpa YMPABISIOUIMX BO3ACHCTBUIA.
Meton mo3BoNseT U30eKaThb UYPE3MEPHBIX OTKIIOYEHWH M TOBBIMIACT HAAKHOCTh U
3¢ (HEeKTUBHOCTh MaJIOMHEPLUOHHBIX cucTeM. HecMoTpsi Ha Takue pUCKH, Kak cOOM TeleMeTpuH,
aJlalITUBHOE YNPABJIEHHE NPEAJIaracT COBPEMEHHbIN HHCTPYMEHT ISl IPEJOTBPAILCHHS KACKaJHBIX
OTKJIFOYEHUH B CETAX C BBICOKMM YPOBHEM IIPOHMKHOBeHUs BID.

KiroueBble ciioBa: cranuoHapHas yCTOMYMBOCTb, NE€PEXOJHAs YCTOMUMBOCTb, CHCTEMA
KOHTPOJISl 3amaca yCTOMYMBOCTH, IPOTHBOABapHiiHasi aBTOMAaTHKa, IIOCTOSHHAs WHEPLNH,
MHBEPTOPHBIE PECYPCHI.
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Anparna: JXanapteuiateiH sHeprus keszaepiHiH (PKOK) ecim keme >kaTKaH yieci »KoHE
CHHXPOHJBI TeHepaTopiap[bl NaijanaHynaH IIbIFapy OJJEKTp OIKYHWECIHIH HMHEPUHACHIH
alTapJIBIKTall TOMEHJETe i, O OTHeN TYPaKTBUIBIKTBI Ka3ipri 3aMaHFbl AJICKTP JKEJIepl YIIiH
MaHBI3Ibl MIHJETKE alHaNAbIpanbl. BeKiTiIreH mekTi mapamerpiiepi 0ap ISCTYpii aBapHsIIBbIK
aBTOMATTaHABIPY OYJ Karjainapaa eHai TuiMAl emec. by 3epTrey HaKThl YakbIT PEKUMIHIETI
OakpUTay bl MaiiIa’aHa OTBIPHII, CTATHKAIBIK OacKapy SAICTEpiHEH aJanTHBTI OacKapy omicTepiHe
aybICybl nonenaeii. ¥ ceiupuirad Tocit WAMS sxone SCADA nepexTepin naijananbin TYHIHAED
apachIHAAFbl KEpHEY/IIH CBIHM OYpBIITAPBIH ecenTelTiH TYpaKTBUIBIK MapKachlH Oaxpliay
xyiiecine (SMMS) wnerizgenred. byn HakTbl Top KyHi MEH HMHEpIUS JIEHTeHiHE Heri3JeNreH
TOTEHIIIE JKarIaiipl O0ackapy mapaMmeTpiiepiH ITWHAMHUKAIBIK peTTeyre MyMKiHAik Oepemi. Tocin
Kazakcrangarsl MaHfFbpICTay SHEPreTHKANIBIK >KYHECIHIH ©TIHesll MOJENbJCYyiHAEe KOPCETUIreH.
Hormxenep azaiiraH MHEpIUS CUHXPOHU3MHIH KOFaJIyblHa OKEJIETIHIH KepceTell, O1paKk MaKcaTThl
KYKTEMEH1 a3alTy apKbulbl afgantuBTi Oackapy (Mmbicanbl, 300 MBT) TypakThUIBIKTHI KaJIlbIHA
KeNTipelal, aj KIIpeK KeJemaep KeTKimikci3. byn Oakpiiay opekerTepiH Joil TaHIay/blH
MaHbBI3IbIIBIFBIH KOpceTel. Oic maMaaH ThIC aXbIpaTyiaapabl OoJAbIpMayFa KOMEKTECe/Il KoHe
TOMEH HHEpPUUSIIBIK >KYyHelepaiH CEeHIMIUIIT MEH THUIMIUIIIH apTThipaabl. TenemMeTpusiibik
aKayJjap CHUSKTBl Toyekelaepre Kapamacrad, ananTuBTi Oackapy JXKOK eHyi skorapbl xkemninepne
KacKaJAThl Y3UTICTEP/IIH aJIIbIH aTy/bIH 3aMaHayH KYPaJblH YChIHAIBI.

Tyiiin ce3mep: TypakThl Kyiineri TYpakKThUIBIK, ©THENl TYPAaKTbUIBIK, TYPaKThUIBIK
Map’kachlH Oakbuiay Kyleci, aBapusUIbIK aBTOMAaTHKa, HUHEPIHS TYPAKTBICHl, UHBEPTOP HETI31HJET1

pecypcrap.
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