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Conventional stability issues proposed in 2004

“The ability of the Power System, for a given initial
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Emerging stability issues proposed in 2020

operating condition, to regain state of equilibrium after

a disturbance with most variable bounded such that
the entire system remain intact.”

Q

Shair, J. et al. Power System Stability issues, classifications and research prospects in high penetration of RE and power electronics.2021, |IEEE/CIGRE Joint Task Force. June 2003
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Weak Grids & Northern Cape Challenge

Low short-circuit capacity
Fault detection and protection coordination become
challenging

Vulnerable to control Interactions
IBRs can interact negatively with grid causing
oscillations/instability

Limited Voltage Regulation capability
Challenges in maintaining voltages within regulated voltage
bands during faults

Reduced System Inertia
Fewer synchronous generators affect frequency control

o
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Grid integration challenges as VRE penetration increases

% . Constrained -Q . Constrained Constrained
transmission network T | flexibility inertia
Fault level Secondary reserve (AGC and Transient stability
Protection regulation) Frequency stability
Harmonics Tertiary reserve (load
Flicker following and balancing)
Voltage stability Short-term scheduling
Sub-synchronous interaction Thermal plant cycling
Transmission efficiency Market dispatch

Congestion management

B @ & B
<10% >20% >50%

Instantaneous VRE penetration

Short-circuit Ratio:

SCC - the short-circuit capacity assuming a three-phase fault.

P;gr = the nominal power of the connected IBR. \
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Dynamic Loads Impact on Voltage Stability

1. CONSTANT IMPEDANCE (2) 2. CONSTANT CURRENT (1)

Power Power
(P,Q) (PQ)
se00 ® oc V2 oo
Voltage (V)

Volt: V)
Bltapei(V) « Linear response
« Exponent (o) = 1

« Voltage-sensitive
« Exponent (@) = 2

‘ Power varies linearly with voltage.

PQxV

Power varies with the square of voltage.

P,Q x V?

o 7IP * Dynamic exponential
recovery load
* Composite load

4. ZIP COMPOSITE LOAD « Exponential models

RN AN FORER (P) The ZIP load model is a weighted combination

of impedance, current, and power components.
models

Power 4
P
(P, Q) Power Equations

P = Py(a;V?+a;V +ap)

x VO Q= Qo(szzibx‘if b,,)7

{ Weighting Constraint }

az+ar+ap=1

Voltage (V) e A
r4 1 2=

« Voltage-insensitive

« Exponent (a) = 0
; B Z - Constant Impedance (voltage-sensitive, & = 2)
| e

Power is independent of voltage. @ I - Constant Current (linear, a = 1)

P, Q = constant [ P - Constant Power (voltage-insensitive, a = 0)

a (alpha) is the

Key Takeaway

ZIP models are used in dynamic studies to represent the steady-state voltage dependence of loads. voltage dependency .

They capture different sensitivities to voltage changes through their Z, I, and P components. exponent. ZI P m o d el ( P OIYn o m Ia I) - com b|nes (@ Ons‘t’o n ‘I’_| m p (Z) ,
constant-current (I) and constant-power (P)

P= P [P1_F+P21+P3]
Q= Qola1V? + q2V? + qs]
MW
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_L M eling Impacts

Feature General Complex WECC Load
Load Load

Static ZIP Yes Yes Yes
Voltage Yes Yes Yes
Dependency
Time Dynamics No Limited Yes
Motor Behaviour No No Yes
Fault Recovery No Moderate Yes

Static
ZIP Loads — Composite (PL”“Q"““ ) (ZIP)
or Complex Load R Dynamic

(IM)
model

Load bus
(Pioad: Qioad)
UZRILT

WECC Loads - Widely
used by utilities. Residential
and commercial loads

Voltage Recovery for Static Load Models
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Single Source RE Plants Hybrid RE Plants
- Intermittent output * Improved Stability - complementary PV/Wind
«  Non-dispatchable power patterns reducing intermittency
« PV dependent on irradiance and diurnal * Grid support - manage peak generation,
cycles provide ancillary support
. Wind varies local wind speeds * Reduced Curtailment — excess generation

stored and dispatched later
» Infrastructure Optimization — defer investments,
scalable and modular
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|EEE 14 Bus Study Network
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The Knowledge Behind
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IEEE 14 Bus system (14 buses, 2 synchronous Gens,
3 synchronous condensers, 20 lines), modified to
emulate a weak Northern Cape Grid
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External Grid: Power transfer from strong
source e.g. from Mpumalanga
Long Transmission Line: 215km (Typical Eskom
132kV Dinosaur conductor characteristics, Z)
Lines scaled Raise reactance and
capacitance (Capacitive);

. Line_11t0 5: X% 1.8, C x 1.5.

. Line 2 to 3: X x 1.6, C
. Line 2 fo4: Xx 1.4, C

X X
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Voltage Before Weak Grid
sV 0ltages in a Weak Grid
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Integrating Hybrid Renewable Generation
Plants

1.1

mmmm Voltages in a Weak Grid

1.05 w—— Hybrid Gens Inservice
.§n 0.95
* PV Plant: S, ;.4 = 30OMVA (P4 = 30MW) §
- Battery Energy Storage: S,,:.q = 15MVA, (E = 30MWh) 0
0.85
0.8
Bus 3 Busbar numbers
«  Wind Plant: S,4eq = 4OMVA (Pyqx = 30MW) Busbar | I 02 04 05 06 08 09 12 13
- Battery Energy Storage: s = 10MVA, (E = 20MWh A
y gy 9€: >ratea ( [A:\k,Al 28102 15882 5832 662 4577 3746 4083 2439 3168
IBR = 45
62,45 35,29 12,96 14,71 10,17 8,32 9,07 5,42 7,04

Bus é represents a weak, high-impedance SCR>10 Strong Grid

¥ node; Bus 3 is a major load/generation
aggregation point. 3 <SCR < 10 Moderate strength



O Voltage sensitivity tested with gradual load increases (~ 20 MW steps) until instabllity.

Q P-V and Q-V curves provide reliable steady-state evaluation of proximity to voltage collapse.

PV Curve Analysis with no Hybrid Generation
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PV Curve Analysis at Load Centre
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Conclusions & Future Work

The Knowledge Behind
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Weak Grid Vulnerabilities confirmed
Low SCR areas with IBR penetration exacerbate voltage
control difficulties and reactive power deficits

Hybrid + BESS = Promising Solution
Optimally designed hybrid systems with storage can support
grid stability and mitigate voltage instability.

Proactive Planning is Essential
Accurate dynamic modelling and grid code compliance are
critical for reliable integration.

Future Work
Refined dynamic modelling of 14-bus system, real-fime

monitoring (PMU/WMU) and OEM collaboration for
electromagnetic transient studies.
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