Unveiling Non-Uniform Parameter Tuning Rules in
Heterogeneous Multi-converter Power Systems:
Value Set Based Robust Stability Assessment
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Abstract—To address the challenges of complex interactive
coupling and robust stability analysis caused by parameter
heterogeneity in Phase-Locked Loop-dominated Heterogeneous
Multi-converter Power Systems (HMCS), this paper proposes a
robust stability assessment and control parameter optimization
strategy for HMCS based on value set theory. First, an accurate
and low-dimensional uncertainty separation model for HMCS is
established. Secondly, by combining this model with value set
theory, a robust stability analysis method and a clear parameter
tuning strategy for HMCS are proposed. Then, the proposed
method is applied to analyze the impact of HMCS parameters
on system strength. Finally, simulation results validate the effec-
tiveness of the proposed method. The analysis results indicate
that the parameter tuning rules in HMCS no longer follow
the experience from single-converter systems. Identical types of
control parameters from different converters may have opposite
effects on system strength, highlighting that precise parameter
tuning decisions are crucial for enhancing system strength.

Index Terms—control parameter optimization, heterogeneous
multi-converter power systems, robust stability, small-signal sta-
bility

I. INTRODUCTION

With the increasing penetration of renewables in weak grids,
the dynamic interaction between Phase-Locked Loop (PLL)-
dominated Grid-Following (GFL) converter control systems
and the power grid has become a primary cause of low-
and medium-frequency oscillation and small-signal instability
problems [1]. Actual power systems often contain convert-
ers from different manufacturers with varying control pa-
rameters, forming Heterogeneous Multi-converter Power Sys-
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tems (HMCS). This heterogeneity complicates the system’s
dynamic characteristics, making the impact of interactions
between different converters on system stability difficult to
assess directly and lacking a basis for parameter tuning. The
small-signal stability margin dominated by PLL dynamics is
referred to as system strength, which is closely related to
the Proportional-Integral (PI) parameters of the PLL. The
parameter tuning considered hereafter in this paper mainly
refers to the PLL’s PI parameters.

The small-signal stability assessment of PLL-dominated
HMCS has been extensively investigated, utilizing methods
such as state-space and modal analysis, admittance matrix
methods, and generalized short-circuit ratio indices [2]-[4].
However, existing methods primarily evaluate the system’s
nominal small-signal stability, with less focus on the robust
stability issues arising from parameter heterogeneity. Fur-
thermore, in terms of parameter tuning, although studies on
single-converter systems have shown that increasing the PLL’s
proportional gain and decreasing the integral gain enhances
system strength [5], the applicability of this conclusion in
HMCS remains questionable. Due to the diverse parameters
of converters and the complex inter-converter coupling in
HMCS, simply applying the unified tuning strategies from
homogeneous systems may be ineffective.

The value set approach, based on polynomial theory, has
shown potential in robust stability analysis [6]. By plotting the
value set, which maps the uncertain parameter space onto a
two-dimensional complex plane, the robust stability of the sys-
tem can be intuitively judged. However, the value set method
requires the uncertainty structure to be completely separated
and lacks specific modeling and parameter variation guidance
tailored to PLL-dominated small-signal stability problems.



To address the limitations of existing methods, this pa-
per proposes a robust stability assessment and enhancement
strategy for PLL-dominated HMCS. The main contributions
are: (1) A low-dimensional and approximation-free uncertainty
separation model for HMCS is established. (2) Combining
the established model with the value set method, a robust
stability analysis procedure for HMCS is proposed, and a clear
basis for parameter tuning is established accordingly. (3) The
application of this method reveals the unique complexity of
HMCS parameter tuning: unlike single-converter systems, no
unified parameter tuning strategy exists for HMCS.

The remainder of this paper is organized as follows: Section
II details the uncertainty modeling. Section III presents the ro-
bust stability analysis method and parameter tuning guidelines.
Section IV validates the proposed strategy through case stud-
ies, revealing the non-uniform tuning rules of heterogeneous
systems. Section V concludes the paper.

II. HMCS UNCERTAINTY SEPARATION MODELING

A. Uncertainty Representation of HMCS Characteristic Ma-
trix

Consider an HMCS system containing n GFL converters. Its
dynamic behavior can be described by the converter models
and the grid model. Consider the robust analysis ranges for
the PI parameters k,; and k;; in the j-th converter model
s [k EpSeX] and [kpE™, k2], respectively. For ease of

analysis, the PI parameters of the converter are normalized:
kpj = kpjo + Akyjop,

(1

where d,;,0;; € [—1,1] represent the normalized uncertain
variables of the PI parameters, k,;o and k;;o represent the
nominal parameter values, and Ak,; and Ak;; represent the
parameter adjustment ranges.

This paper adopts the widely validated second-order
reduced-order PLL model to describe the dynamic character-
istics of the j-th converter. This model is suitable for ana-
lyzing PLL-dominated low- and medium-frequency oscillation
problems [7]. Considering parameter uncertainty, its linearized
state-space expression is:

AX; = A;(0)AX; + B;(8)AU;,

AL = Sp;C;AX, @
where:
A;(8) = Ajo+0;Aj1, B;(d) = Bjo+6,;Bj
A= [V ] Bao= ok [t ke ]

7Ak}ij ij() Ak‘i]’UIj()
—AkpjUyjo AkpjUsjo

0 7Ak)ijUj _
Aj = {0 —Akm-Uj(;} » Bjp= ﬁ [
I, i 0
c=10r] 6=
3)

where a superscript dot denotes a time derivative, A denotes
the small increment of a vector; X; denotes the state column
vector of the j-th converter; A;, B;, and C; represent the state
matrix, control matrix, and output matrix corresponding to the
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j-th converter; U; = (U, ;,U, ;|T and I; = (I, ;, 1, ;]7 are
the terminal voltage and output current of the j-th converter
expressed in the common -y coordinate, and U; = (UI2 it
U ;)% the subscript O denotes the steady-state value of
the variables; Sp; represents the operating power of the j-
th converter.

The dynamic model of the HMCS grid can be represented
by:

AU =

(Z ® als))AL afs) = |+ 7/ -1 )J

1 (s+7)/w
4

where Z is the node impedance matrix of the power network
after eliminating the internal passive nodes; s is the Laplace
operator; 7 is the ratio of the line resistance to line inductance
(i.e., 7 = R/L) in the power network.

By combining (2) and (4), the closed-loop model of the
HMCS can be obtained:

(sI — Agy(5,0))AX =0 5)

where:

Agys(5,0) = Agys0 + 0 Agys1, 6 = diag(d;)
Agyso(s) = diag(Ajo) + diag(Bjo) Ka(s) (6)

Agysi(s) = diag(Aj1) + diag(Bj1)Ka(s)

where K, (s) = Z[diag(Sp;)@a(s)]diag(C;), X is the state
column vector of the system. Agy(s,d) is the characteristic
matrix of the HMCS. Ay (s) is the nominal characteristic
matrix, Agyi(s) is the uncertainty characteristic matrix, and &
is the uncertainty matrix of adjustable parameters. The small-
signal stability of the HMCS is determined by the roots of the
characteristic equation det(sI — Agy(s,d)) = 0.

B. Uncertainty Separation and Dimension Reduction

Due to the high dimensionality of Ag(s,d) and the cou-
pling of uncertainty with the characteristic matrix, direct robust
stability analysis is computationally complex. Assuming the
nominal system is stable, the characteristic equation can be
equivalently expressed as:

det((SIQn — Asys()) — 5Asy51) =0

det(Iz, — 8M (s)) = 0, M (s) = Agy (81, — Asyso)‘lm
where I, is the 2n-dimensional identity matrix, M (s) is the
2n x 2n closed-loop system frequency response matrix, and
the uncertainty is completely separated into a diagonal matrix
é.

In practice, only specific critical converters require uncer-
tainty analysis. Considering the parameter adjustment of the
first m (m < n) converters (which can be any m converters
through matrix transformation), the characteristic equation is

equivalent to:
(Su 0 Mll(s) M12(S) o
det (I2n - |:0 O:| |:M21(S) MQQ(S) =0
& det (|:I2m - (suMll(S) _auM12(5):|> (8)
0 I2(n—m)
= det(Igm — 6uM11(s)) =0



where 8, = diag(d;1,0p1,- -, 0im,Opm), includes only the
uncertainty of the m converters of interest. Mi(s) is the
upper-left 2m x 2m block submatrix of M (s), and other sub-
blocks are defined similarly.

The HMCS uncertainty separation model has the advantages
of being low-dimensional and approximation-free, providing a
foundation for robust stability analysis combined with value
set theory.

IIT. HMCS PARAMETER ANALYSIS METHOD
A. Robust Stability Analysis of HMCS Parameters

This section utilizes the uncertainty separation model and
the value set graphical method for robust stability analysis.
Within the entire adjustable parameter space D, the value set
T(s) is defined as the set of values in the complex plane:

T(s) = {det(Lom — 8, Mi1(s)) : 8, € D} ©)

Based on the zero exclusion principle [8], assuming the
nominal system M;i;(s) is stable, the robust stability of
the entire system within the adjustable parameter range is
guaranteed if and only if the value set T'(jw) excludes the
origin (0, 0) for all w > 0. Mathematically, the inclusion of the
origin in T'(jw) signifies the existence of characteristic roots
on the imaginary axis. Physically, this critical state implies
that the system’s equivalent damping has vanished, depriving
it of the capability to suppress oscillations.

Since direct calculation over the infinite continuous space
D is computationally prohibitive, the multilinear property of
the characteristic polynomial with respect to the uncertainty
variables ., is exploited. According to the mapping theorem
[9], the value set is entirely contained within the convex hull
formed by the images of the vertices of D. Consequently, the
convex hull of T'(jw) is rigorously defined by the images
of the 2™ vertices, which represent the extreme parameter
combinations:

co(T(jw)) = co({det(Lom—6u(Vy) Mi1(jw)) : V; € ve(D)})
(10)
where co denotes the convex hull and ve denotes the vertices
of the parameter space.
It is noteworthy that the mapping theorem only provides
a sufficient condition for stability, and its conclusion has
a certain degree of conservatism. As shown in Fig. 1, the
boundary where the convex hull intersects the origin does
not necessarily correspond to the true boundary of the value
set. To compensate for this limitation, this paper introduces
the multivariable stability margin k,,(jw), defined as the
maximum variation range under which the system remains
stable. As k,,(jw) increases, the range of T(jw) expands
monotonically. The value of k,,(jw) that makes T'(jw) first
touch the origin is the stability margin at the corresponding
frequency w:

Em(jw) = inf{k € [0, 00) | det(I2y — kd, M1 (jw)) =0,
é, € D}
(11)
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Fig. 1. Mapping theorem and the convex hull of the value set.

The computation of k,,(jw) employs an iterative approxi-
mation algorithm characterized by converging lower and upper
bounds. Specifically, the lower bound of the stability margin
is determined when the convex hull of the value set first inter-
cepts the origin, while the upper bound is identified when the
origin is intercepted by the vertex paths. Through an iterative
domain-splitting process where the parameter domain is con-
tinuously subdivided, these bounds asymptotically converge to
the exact k,,, thereby eliminating computational conservatism.
Specific algorithmic steps can be found in relevant works
[10]. The minimum value among the calculated k., (jw) at all
frequencies is defined as the system’s robust stability margin,
K.

When K,, > 1, the system is robustly stable within
the given parameter adjustment range; when K, < 1, the
system has a potential risk of instability. Furthermore, the
frequency w, corresponding to the minimum point of k,, (jw)
is the dominant unstable oscillation frequency of the HMCS,
providing an accurate basis for subsequent parameter tuning
optimization.

B. Parameter Tuning Strategy

Through K,,, it is possible not only to determine stability
but also to find the parameter combination for marginal
instability at the minimum parameter variation range of the
HMCS. Under the K,,-times parameter variation range, the
uncertain parameter combination corresponding to T'(jw,) first
touching the origin is denoted as 4., satisfying:

det(IQm — Km(schl(j(JJc)) = 0, 6c eD (12)

It is clear that K,,d. is the critical instability parameter
combination under the minimum parameter adjustment range
for HMCS. At this point, if the influence direction of each
parameter on HMCS stability can be determined, a parameter
tuning decision can be made to avoid system instability and
enhance system strength.

A strategy is proposed to determine parameter adjustments
by observing the movement direction of T'(s) near w,.. To
evaluate a specific parameter, other uncertain parameters are
fixed at a vertex combination of D. As shown in Fig. 1,
the arrow’s direction indicates the movement trend of the
value set in the complex plane as the parameter of interest
increases. If the value set moves towards the origin, the
system’s stability deteriorates. Conversely, if the value set



TABLE I
PARAMETERS OF CONVERTERS

Parameter Value

Filter inductance, filter capacitance, dc capacitance  0.05, 0.05, 0.038 p.u.
PI parameters of current control loop 1, 10

PI parameters of the active power control loop 05,5

Parameters of the voltage feedforward filter 0.0005

The steady-state value of Py, Qo of each converter 1.0 p.u., O p.u.

TABLE II
PLL PI PARAMETERS AND RATED POWER OF CONVERTERS
Converter j 1 2 3 4 5 6 7 8 9
Fi; 9000 9000 8600 8600 10000 10000 10000 10000 10000
y 18 18 20 20 25 25 20 20 20
P; (MW) 1 1.7 1 1 1 1 1 1 1.5

moves away from the origin, the system’s stability is enhanced,
and the corresponding parameter adjustment direction is the
direction of system strength enhancement.

It is worth mentioning that when K,, < 1, the value
set envelope already contains the origin. To accurately and
intuitively judge the impact of parameter adjustments on the
value set’s direction, a negative damping line with damping
ratio ¢ can be introduced in the complex plane:

w .
L w

Sg m

By considering a negative damping ratio ¢ and calculating
T(sq), T(s4) will no longer contain the origin. Analyzing the
parameter adjustment direction of T'(s,) is equally accurate
because the imaginary axis can be seen as a special case of the
damping line with ¢ = 0. Since the response of eigenvalues
to parameter changes is continuous, a parameter adjustment
direction that can move an eigenvalue from ¢ < 0 back to the
stable damping region must also be able to move it across the
imaginary axis to the negative real part region.

The value set analysis method proposed in this paper can
accurately consider the synergistic changes and interactions
of multiple parameters simultaneously. The next section will
demonstrate the impact of HMCS parameters on system
strength through the application of this method.

13)

IV. CASE STUDY

This section aims to apply the proposed parameter analysis
method to investigate the complex impact of HMCS parame-
ters on system strength and to validate the effectiveness of the
parameter optimization strategy. An electromagnetic transient
simulation model of the New England 39-bus power system
is established for this investigation.

In this system, 9 converters equipped with PLLs are inter-
connected through the 39-bus meshed network. The network
parameters are consistent with the standard IEEE 39-bus
system cited in [11] . The control parameters of the converters
are detailed in Tables I and II

The PLL parameters of the 2nd and 9th converters are
selected as adjustment objects, with a parameter adjustment
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Fig. 3. Value set movement direction and dominant eigenvalues as (a) d;2,
(b) dp2, (¢) i9, (d) 8pg increase from -1 to 1.

range of +5%. Based on the uncertainty separation model,
the stability is assessed using the K, theory, as shown in
Fig. 2.

Fig. 2(a) shows that k,, is minimal at w, = 98.026 rad/s.
The system’s K, < 1, indicating that the HMCS is robustly
unstable within the +5% parameter variation range. Further-
more, Fig. 2(b) shows the value set at K,,. The parameter
combination where the value set first touches the origin is
d.. Converting K0, to actual parameters yields a set of
critical instability parameters under the minimum parameter
adjustment range for HMCS: k;» = 9043.3, kyz = 17.9,
kig = 9958.5, kp9 = 19.9.

Next, a parameter tuning strategy is presented. Since the
HMCS is robustly unstable, a ( = —1% is introduced to
analyze the trend of the value set near w,. Fig. 3 shows the
value set movement direction and the corresponding dominant
eigenvalues of the system as each uncertain parameter d;2, d;9,
dp2, and Jp9 increases from -1 to 1.

Fig. 3(a) shows that as ;2 increases, 7'(s) moves closer
to the origin, and the system strength weakens. The real part
of the corresponding dominant eigenvalue increases, which is
consistent with the T'(s) analysis. Figs. 3(b), (c), and (d) show
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Fig. 4. Time-domain waveforms of converter terminal voltage.

that as kpa, kig, and kg increase, T'(s) moves away from the
origin, the real part of the dominant eigenvalues decreases,
and the system strength is enhanced. The dominant eigenvalue
plots confirm that the parameter analysis remains accurate
after introducing a negative (. At this point, combined with
the critical instability parameter combination, an appropriate
parameter tuning strategy can be given to avoid the instability
combination.

To further verify the accuracy of the robust stability analysis
and the effectiveness of the parameter adjustments, time-
domain simulations were performed on the system. At¢ = 0.1
s, a 0.05 p.u. voltage swell was applied to the AC grid bus
and quickly cleared. The converter voltage waveforms under
different parameter adjustments are shown in Fig. 4.

Fig. 4(a) shows the system response under nominal param-
eters; the system tends to be stable but with very weak system
strength. Fig. 4(b) uses the critical instability parameter com-
bination determined by K,,d.; the voltage waveform shows
approximately critical oscillation, verifying the accuracy of
K,, in judging HMCS robust stability. Fig. 4(c) shows the
parameters adjusted by 5% in the direction of 7'(s) moving
towards the origin; the voltage waveform shows divergent
oscillation, indicating that further worsening the parameters
from the critical instability combination will lead to system
instability. Fig. 4(d) shows the parameters adjusted by 5%
in the direction of 7T'(s) moving away from the origin; the
system strength is significantly increased. The simulation
results strongly validate that the method proposed in this
paper can accurately determine the system’s robust stability
and provide an effective parameter tuning strategy to enhance
system strength.

Furthermore, this case study reveals that the adjustment
of the same type of parameters in different converters, such
as ki and k;9, has opposite effects on system strength.
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This illustrates the complex influence of converter parameter
adjustments in HMCS, and a unified tuning strategy cannot be
given.

V. CONCLUSION

This paper proposed a robust stability analysis method
and parameter tuning strategy for PLL-dominated HMCS
systems based on converter parameters. The analysis confirms
that converter coupling leads to non-uniform tuning rules ,
where identical parameters in different converters can have
opposite effects on system strength. Furthermore, the research
results show that even minor adjustments to key converter
parameters can either destabilize the system or enhance its
system strength. The method proposed in this paper provides
a theoretical basis and practical guidance for small-signal
stability assessment and converter parameter optimization in
practical engineering. Future research will focus on the optimal
solution for HMCS parameter tuning combinations.
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