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Abstract

This paper presents a measurement-based framework for studying and mitigating control
interactions between power system stabilizers (PSSs) and HVDC modulation damping
controllers in hybrid AC/DC systems. Using frequency-response data obtained from small-
signal injections, the method embeds driving-point and transfer impedance directly into the
control loops, eliminating reliance on simplified analytical models. A lightweight optimizer
adjusts controller gains and lead-lag angles to enhance damping at the inter-area mode
while ensuring HVDC-to-PSS dominance, magnitude-crossing consistency, and a minimum
damping margin across the 0.3-1.5 Hz band. The approach, implemented in ETAP 16.0 and
MATLAB R2024a (MathWorks, Natick, MA, USA), successfully improves damping and
maintains stability under all tested conditions, providing a practical co-design strategy for
coordinated PSS-HVDC control in weakly interconnected networks.

Keywords: coordinated control; damping optimization; driving-point impedance;
frequency-response data (FRD); HVDC modulation; hybrid AC/DC systems; interaction
analysis; power system stabilizer (PSS); small-signal stability; transfer impedance

1. Introduction

Low-frequency electromechanical oscillations (~0.1-2 Hz) remain a limiting factor
for transfer capability and security in large-scale power systems. Two primary damping
mechanisms are widely deployed in parallel: generator-based power system stabilizers
(PSSs), which enhance synchronizing torque through excitation control, and HVDC Modu-
lation Supplementary Damping Controllers (MSDCs), which regulate active-power flow via
converter control. Although each is effective individually, their concurrent operation can
lead to control interaction, manifesting as competing damping torques or reinforcement of
adverse components—particularly around inter-area modes and under changing network
conditions [1-5]. Classical small-signal design techniques based on simplified analytical
models often fail to capture these effects with sufficient fidelity.

The foundational role of excitation control was established by De Mello and Con-
cordia [1] and consolidated in Kundur’s seminal text [2]. On the DC side, Larsen and
Piwko [3,4] demonstrated that supplementary HVDC modulation effectively damps inter-
area and sub synchronous oscillations, leading to its widespread adoption. With growing
integration of inverter-based resources, modern surveys emphasize that robustness and
coordinated design have become central challenges [5,6]. Field experience reinforces this
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view: PSS-HVDC interaction phenomena have been documented in the Nordic grid [7],
Hydro-Québec [8], and large Chinese multi-infeed HVDC systems [9-11], underscoring
their operational significance.

To overcome modeling limitations, measurement-based frequency-response ap-
proaches have gained prominence. Techniques using impedance and frequency-response
data (FRD) capture the dynamic environment “as seen” by controllers, making magnitude
and phase relationships explicit [12-14], while spectral estimation methods such as the
Matrix Pencil Method provide high-resolution modal characterization [15]. Nevertheless,
most PSS and HVDC designs remain independently tuned and only heuristically validated
through simulation. Eigenvalue analysis, though insightful, depends on reduced models
sensitive to operating points, whereas EMT-type simulations offer accuracy at the cost of
heavy computation [5,16]. While model-based approaches rely on linearized representa-
tions around operating points, measurement-based frequency-response methods capture
the actual small-signal environment perceived by each controller, thus offering a more
reliable basis for coordinated tuning.

This paper introduces an FRD-native interaction framework that directly embeds
measured driving-point and transfer impedances within the controller loops, evaluates
aggregate interaction across the electromechanical band, and tunes gains and phase-lead
parameters under explicit coordination policies. The proposed measurement-anchored
workflow, combining ETAP 16.0 perturbation tests with MATLAB R2024a (MathWorks,
Natick, MA, USA), frequency-domain post-processing, provides a reproducible path for
co-designing PSS and HVDC controllers. Its effectiveness is demonstrated on Kundur’s
two-area benchmark system.

2. Background Methods

The p-synthesis framework (based on structured singular value) was used to design
a feedback controller that minimizes the maximum singular values of the transfer matrix
from disturbance w to performance output z [17].

1Tz (8) [0 <7 (1)

For all admissible uncertainties to guarantee robust stability and performance over
defined uncertainty, the HVDC and AC system were separated as subsystems and a
decentralized controller was designed with the help of the Homotopy method to solve the
non-convex bilinear system using a convex optimization method. Although p-synthesis
provides formal robustness guarantees, its resulting controllers are often of a high order
and lack transparent physical interpretation. In contrast, the proposed frequency-response
formulation retains the classical PSS/HVDC structure while embedding measured plant
behavior directly in the design loop.

3. Interaction Framework

While model-based approaches rely on linearized representations around operating
points, measurement-based frequency-response methods capture the actual small-signal
environment perceived by each controller, thus offering a more reliable basis for coordinated
tuning. The proposed method to study control interaction problems between HVDC MSDC
and PSS in this text is explained with the help of Figure 1, which presents the small-signal
interaction framework of a synchronous generator equipped with a PSS and Automatic
Voltage Regulator (AVR), operating in parallel with an HVDC MSDC. This diagram captures
the multiple feedback loops that jointly determine the damping of electromechanical
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oscillations. The total incremental electrical power at the generator bus can be expressed as
a superposition of PSS and HVDC MSDC channels as

rlAP;(s) = Nii(s)Gavr(s)Gpss(s)Awi(s)
+Tiej(s)K1(8)Gmspc (8)Ymeas () )
(HAé + NAE terms)

where the first term represents the PSS contribution through the excitation path with
Gavr(s) and Gpgs(s) representing exciter/field and PSS with speed input (Aw(s)) transfer
functions respectively. The second term represents the HVDC MSDC contribution through
the converter path with K;(s)Gyspc(s) representing the HVDC path transfers driven by
an arbitrary input Yses(s). The other terms in (2) are not in either path.

N; = g% = {ePirr} + E{ Yy } 3)

Prior to Y, (jw), the first term, {el%1*}, captures the through-current effect, i.e., the
change in real power due to scaling the existing current I; at fixed network conditions.
The second term, E; { Yap }, accounts for the network-conductance contribution, reflecting
how the injected current itself varies with local voltage magnitude through the driving-
point admittance. This compact expression is the complex-form equivalent of the dP;/90V;
element in the classical power-flow Jacobian, and when Y, is replaced by the dynamic
admittance, it generalizes the Jacobian entry to the frequency domain for small-signal or
impedance-based interaction studies.

The transfer sensitivity T;; quantifies the incremental change in real-power injection at
bus i resulting from a small perturbation in voltage magnitude at bus j. It is defined as

Tij(s) = 5z = R T Z--(s)} (4)
) JE; { E

where I? is the steady-state current injection at bus i, Zjj is the complex transfer impedance
between buses i and j, E; and J; are the voltage magnitude and angle at bus j, and %(-)
denotes the real-part operator. This term represents the cross-coupling channel (busj —
bus i) used to model power system stabilizer (PSS) and HVDC modulation interactions in
the small-signal framework. The driving-point and transfer impedances were calculated
according to Algorithm 1.

Algorithm 1. Measuring Maximum Driving Point and Transfer Impedances

Step 1: Inject current at examining point (bus or generator terminal)
in ETAP.

Step 2: Take the voltage recordings at the generator terminal and
current injections in the line.

Step 3: Calculate V£4 and 1.£6 from the measured signal at the
frequency of the injected signal using spectral analysis
with the help of Matrix Pencil Method (MPM)

Step 4: Calculate Z;; = |Vj||I;|, £Z;; = 6; — 0; and
Zij = |Vi||L|, £Z;; = 6; — 0;
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Figure 1. Control interaction framework.

4. Measurements and Controller Optimization
4.1. Frequency Scanning Technique to Determine Z;; and Z;;

Figure 2 shows Z;;(jw) and Z;;(jw) magnitudes and phases which were obtained
from implementing Algorithm 1 on a modified Kundur model in [18]. Current injections
were done on the summing junction of generator gen 2 and rectifier current controller
for driving-point and transfer impedance calculations respectively. The results obtained
from the ETAP-MATLAB framework show strong agreement with those predicted by the
classical Kron’s method for evaluating driving-point and transfer impedances as shown
in Figure 3. The phase angle difference between the measured and calculated results are
closely related. The differences are attributable to modeling errors and the fact that the
calculation did not consider the HVDC system’s detailed measurements and optimization.
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Figure 2. Measured Z;;(jw) and Z;j(jw) magnitude and phase.
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Figure 3. Comparison between calculated and measured impedance phase angles.

4.2. Proposed Optimization of PSS and HVDC MSDC
The goal is to tune the PSS and HVDC MSDC compensation so that the combined loop

Lsum(f) = Lpss(f) + Lavpc(f) )

delivers positive damping at the target inter-area mode f, while ensuring PSS dominance
near fy and acceptable behavior over a wide band. Where Lpgs and Lyypc are open loop
transfer functions of the PSS and HVDC MSDC path in Figure 1 respectively. This goal
can be achieved by minimizing the impedances in a simplified network cost function as

given in (6);

J(6) = —w1D(6) + w2 [ptarget — P(Q)L +ws[fo — fe(0)] 4
+104]€pand —Dnin(6)] 4 + A6 — 6|3 ©6)
——

regularizer

where: D(0) = R{Lsum(jwo)} (damping proxy), p(6) = |Lpss(0)|/|Lyvpc(8)| at
fo(control dominance), f.(6) is the first crossing where Lpss(0) = Lyypc(h),
Dmin(8) = min R{Lsym(27tf)} is the band floor and [e] | = max(e,0) is the hinge

arJb

This cost function was optimized with the help of Algorithm 2. In this Algorithm, the
lead angles and controller gains are initialized. The leads are initialized at centers f,, f; by
computing qbg, ¢? that roughly phase-align each path with 7 at its center (from FRD phase).
Taking for example the uncompensated base path Gy, (jw.) then the phase lead ¢, was

chosen such that
ZGbase (]wC) + (Pc = 180° (7)
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This makes the lead compensator contribute the phase deficiency needed to reach 180°
at the center frequency for the negative feedback system. This phase is given in degrees
and f. in Hz; the phase lead compensator can be derived from (8):

_ l4sin(¢) » _ V& __1
&= l*SiI’I((P)’TZ - ZﬂfC’Tp - 27-[](‘7\/& (8)
C( ) _ 1+sT,

§) = 1=,

This makes the maximum phase lead of C(jw) equal to ¢ attained at:

we =27fe = ! 9)

VT,

The gains were initialized by “local loop normalization” which means picking each

loop’s scalar gain so that its own open loop magnitude is one or 0 dB at its chosen
center frequency. Equation (10) can find the initial gain for the PSS and HVDC MSDC
with respectively

- K0 _ 1
Lo (fp)Co(fo) | IL(f)Ca(fi)]

where P denotes PSS and H denotes HVDC MSDC. Regarding the hinge penalty for a
target/constraint, the hinge is

K (10)

[x], = max(0, x) (11)

If the target is met, i.e., (§ > 0), the penalty becomes zero meaning that the hinge
becomes inactive. If the constraint is violated (g < 0), the penalty grows linearly with the
shortfall. The hinges in this problem are as described in (11). The quadratic regularizer in
the same equation is given by

reg:A<(4>p—¢2)2+(¢h—¢2)2+d1<,%+d1<§>,)\<<1 (12)

This gives the optimizer more degrees of freedom to the user regarding which variable
to care more about. For example, one might want to keep gains near the initial values while
giving liberty to the phase angle to vary more within the range. Therefore, this penalty must
be properly scaled. For example if angles and gains are balanced fairly in the regularization,
angle ranges normalize this penalty or dB ranges. This avoids the optimizer caring too
much about one parameter just because it has bigger numerical units. An example of this
tuning method is to use the range already used in step 2 of Algorithm 2 such that:

$p, Py € [5°,55°] = span = 50°
dK, € [~6,46] dB — span = 12dB (13)
dK, € [-12,0] dB — span = 12dB

The pre-parameter vector scales can be given as
s = [Sq;p, Sphs SdK,,, Sth] (14)

A good default is half-range (i.e., move costs ~ 1 in the squared term). The generalized
normalized deviation becomes

T
—¢0 _0
reg = ATWA, A = ("’P o, oty Ky de> (15)

S(pp 4 S‘Ph 4 Sde’ Sde
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Algorithm 2. Optimization Algorithm

1. Initialization
a. Start with lead-lag angles (¢, ¢;,) then align each path phase near 7 at (fp, fi,)
respectively.
b. Normalize gains (Kpss, Kgypc) so that the local loops equals unity magnitude at
the design centers.
2. Random search
a. Forr =1,..., Ng, sample a candidate vector
0= {AK?,B, AK?{B, Pp, cph} , with bounds 6 € [I, u]
(e.g., Kpss £ 6 dB, Kpgg =6 dB,(l) € [50,550])
b. Construct Lpgs(w), Lyypc(w) on the sweep grid and set:
Lsum = Lpss + Lavpc
c. Evaluate the cost function J(6) and retain the candidate with lowest cost,
000 = argmin J.
3. Coordinate-search (refinement stage)
Goal: refine 6.
Inputs: (9(0)) and initial step sizes A = [Ayp, Agp, AP, Ap)
fort = 0,1,2...
a. improved = false.
b. For each coordinatek = 1,...,d:
i. Try positive poll: 6" = [y, (6" + Axex)
ii. Evaluate J(6'); if lower, accept
iii. If /! « 6!, improved = true;
iv. continue to next k
v. Else try negative poll
0" = Ijiu (6" — Arex)
vii. If lower, accept and set improved = true.
c. If not improved,
shrink steps A < yA(e.g., v = 0.6)
d. Stop when i. maxyAy < tolerances
ii. maximum iterations are reached.

4.3. Return Optimized Parameters 0*

This makes half-range moves in any parameter contribute equally. Optionally, per
parameter weights can be applied if, for example, one wants to favor staying near the initial
angles more than the gains or vice versa. A diagonal weight W = diag (w(pp, We,, Wp, wh)
is introduced on the normalized vector such that the regularizer penalty becomes as
given in (16).

T
_ AT _ (9. o) dKy aK,
reg =A WA’A - ( Sep 4 Sy, 4 Sde’ Sde (16)

By default this term, if more care is given to keeping angles near their start, can be set
as wg, = wg, > 1. The tuning strategy of A is such that it is kept small (e.g., 1072 —1072)
so that performance terms dominate, and the values are increased if wild swings are noticed.
If one parameter still “runs away”, its scale (s) is reduced or its weight in W is increased.
The crossing frequency f. is obtained through linear interpolation using (17):

for fot o1 Uit = £ 17)

|dk| + |di 41

where di = |Lp(fi)| = |Lu(fi)l, dks1 = |Lp(F)| = 1L (fi)]-
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5. Results and Discussions

The proposed optimization problem is continuous and locally Lipschitz in the controller
parameters, ensuring well-posed evaluation on the compact design domain. Although the
cost function is globally non-convex, the hybrid random-search and coordinate direct-search
sequence is guaranteed to converge to a Clarke-stationary point under standard assumptions
of pattern-search methods [19-23]. Detailed derivations are omitted for brevity.

5.1. Case 1—High Ratio Target

Figure 4 shows the results when the optimization enforces a high ratio target, i.e.,
strong weighting on equal participation between the AC and DC controllers. Under this
constraint, both loops contribute almost equally to the overall damping torque. The HVDC
loop magnitude increases, and the combined magnitude ratio remains above unity across
most of the 0.1-1 Hz band.

(a) ILnnp .\I“[ Ilg[l'ltll.l[ll‘i
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3 i L
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Figure 4. Open loop response with ptzrger = 1.2.

However, this balance comes at a cost. The real part of the total loop transfer function,
R(Lsyum) decreases near the 0.46 Hz inter-area mode, indicating weaker positive torque and
lower damping. Although authority sharing is achieved, phase alignment between the two
channels deteriorates slightly, leading to partial cancelation of damping torques. This behavior
illustrates that equal gain does not imply optimal damping when phase coherence is imperfect.
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5.2. Case 2—Lower Ratio Target

Figure 5 presents the results for a lower ratio target, where the optimization gives
the PSS greater authority while the HVDC modulation acts as a supporting path. This
configuration produces a higher and uniform positive R(Lsyy ) across 0.1-1 Hz, confirming
stronger net damping and better phase cooperation between the controllers. The magnitude
responses of Lpss, Lyypc and Lgypr also exhibit smoother transitions, implying reduced
loop interference. Comparing both cases shows that enforcing strict equality between PSS
and HVDC torque contributions does not guarantee superior damping. Excessively high
ratio targets amplify control interaction and may even reduce the total damping torque due
to phase opposition. Moderate ratio targets, where the PSS dominates slightly, achieve a

better trade-off between participation balance and effective damping.
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Figure 5. Open loop response with ptrget = 0.6.

6. Conclusions

[ £

ILnvpe! Epgsl

This paper has presented a measurement-based framework for coordinated tuning
of power system stabilizers (PSSs) and HVDC Modulation Supplementary Damping Con-
trollers (MSDC) in hybrid AC/DC systems. By embedding measured driving-point and

transfer impedances directly into the control loops, the method captures the true small-

signal environment experienced by both controllers, eliminating dependence on simplified
analytical models. The proposed optimization algorithm simultaneously adjusts controller

https:/ /doi.org/10.3390/engproc2026140037
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gains and phase-lead angles to maximize damping at the inter-area mode while enforcing
three key coordination criteria: a defined HVDC-to-PSS dominance ratio, a consistent
magnitude-crossing frequency, and a minimum damping margin across the 0.3-1.5 Hz
electromechanical band.

Application of the framework to Kundur’s two-area benchmark demonstrated sub-
stantial improvements in damping uniformity and robustness. The coordinated design
achieved stronger positive damping over the entire 0.01-2 Hz spectrum compared with
conventional independent tuning, and successfully mitigated interaction effects that typi-
cally arise when the controllers are adjusted separately. The results confirmed that effective
damping depends more on maintaining phase alignment between the PSS and HVDC
modulation paths than on strictly matching their gain magnitudes. A moderate ratio target,
typically between 0.6 and 0.7, provided the best trade-off between controller participation
and phase coherence, yielding the uniform damping across the inter-area band.

The study further showed that the frequency-response-data-based (FRD) tuning ap-
proach ensures reproducibility and accuracy by characterizing the dynamic system response
directly from small-signal measurements rather than through linearized models. This data-
driven formulation mitigates the classical trade-off between enhancing low-frequency
inter-area damping and degrading high-frequency local damping, which often limits con-
ventional heuristic designs. Overall, the coordinated PSS-HVDC tuning framework offers
a systematic and transparent means to achieve robust damping improvement in weakly
interconnected or mixed-generation power systems.

Future work will extend the methodology to cover multiple HVDC infeeds and
converter-interfaced renewable resources, and to validate the approach experimentally
using real-time hardware-in-the-loop platforms, thereby confirming its applicability to
large-scale practical systems.
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The following abbreviations are used in this manuscript:

AVR Automatic Voltage Regulator
AC Alternation Current
DC Direct Current

HVDC High Voltage Direct Current
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PSS Power System Stabilizer
FRD Frequency-Response Data
ETAP Power Systems Simulation Software

MATLAB  Simulation Software
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