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Abstract

The large-scale grid integration of photovoltaic systems, accompanied by extensive power
electronic equipment, exacerbates the risk of sub-synchronous oscillation (5SO) and poses
a serious threat to the safe and stable operation of modern power systems. To address the
limitation that traditional additional damping controllers rely on accurate mathematical
models of the system, this paper applies model-free adaptive control (MFAC) to suppress
sub-synchronous oscillation in photovoltaic systems. The proposed method requires no
prior identification of the plant model and achieves adaptive control by online estima-
tion of pseudo-partial derivatives using only system input-output data, with parameters
optimized by particle swarm optimization. Simulation results show that the proposed
controller can effectively shorten the settling time and suppress oscillations However, for
oscillations induced by different mechanisms, it still has the limitation of requiring pa-
rameter re-optimization. This approach provides a new model-free technical pathway for
sub-synchronous oscillation mitigation in grid-connected photovoltaic systems.

Keywords: sub-synchronous oscillation; photovoltaic grid-connected system; model free
adaptive control; compact format dynamic linearization; damping controller

1. Introduction

With the full implementation of the ‘dual carbon’ goals and the accelerated develop-
ment of a new type of power system, new energy generation centered on wind power and
photovoltaics has become a key support for the transformation of China’s energy structure,
and in the future will gradually take a dominant position in power supply [1,2]. SSO is
a typical dynamic stability problem in power systems. It is formally defined by the IEEE
Sub-synchronous Resonance Working Group as an electric power system condition where
the electric network exchanges significant energy with system components at one or more
natural frequencies of the combined system below the synchronous fundamental frequency
of the power grid (50 Hz or 60 Hz) following a disturbance from equilibrium [3]. Under this
development trend, a large number of power electronic devices are operating in parallel
with the grid, profoundly changing the dynamic characteristics of the traditional power
grid, causing sub-synchronous oscillation problems to exhibit significant new mechanisms
and new features. This type of new wide-band oscillation problem, induced by the coupling
of high-penetration new energy and power electronics, is highly likely to trigger system
instability, seriously threatening the safe and stable operation of the power grid, and has
also become a key technical bottleneck restricting the large-scale and efficient consumption
of new energy [4].
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In recent years, there have been multiple incidents of SSO caused by the integration of
new energy sources into the grid in China. Between 2011 and 2013, the series-compensated
doubly-fed wind farms in Guyuan, Hebei, and since 2015, the wind power base in Hami,
Xinjiang, have all experienced sub-synchronous oscillations, seriously threatening the safe
and stable operation of the power grid [5,6]. Currently, related accidents are concentrated
in wind power systems, and sub-synchronous oscillations caused by photovoltaic (PV) grid
integration have not yet been reported. However, both PV and wind power use inverter-
based grid connection, and thus also face the risk of oscillations. Therefore, studying
the oscillation mechanisms and suppression strategies of PV grid-connected systems has
become an important topic for ensuring the safe and stable operation of the power grid [7].

At present, three typical technical routes have been formed for the suppression of
sub-synchronous oscillations: first, to change the inherent dynamic characteristics of the
system by optimizing the electrical parameters of the power grid and equipment [8];
second, an additional damping control loop is added to provide oscillation damping
and dissipate disturbance energy [9]; The third is to use series or parallel flexible AC
transmission system (FACTS) devices to achieve active suppression [10]. Among many
schemes, subs-synchronous damping controllers (SSDC) have become a key oscillation
suppression method in engineering and academia due to their simple structure, high cost
performance, and outstanding damping effect, and have been widely studied and applied.
Existing research has explored the access mode and control structure of SSDC.

There have been numerous studies on SSO control strategies for wind turbine sys-
tems. Reference [11] compares the suppression effects of a Sub-synchronous Damping
Controller when integrated into the rotor-side converter versus the grid-side converter,
concluding that the former is more suitable as the additional location for the SSDC. Ref. [12]
proposes a fractional-order sliding mode control strategy to address the SSO issue caused
by the integration of a doubly-fed induction generator-based wind farm into a voltage
source converter-based multi-terminal direct current system. Ref. [13] proposes a sub-
synchronous oscillation stability analysis method based on the concept of security region.
By constructing an operating condition-dependent impedance model and employing the
predictor-corrector technique to fit the boundary, this method achieves efficient identifica-
tion and assessment of oscillation stability in wind power systems under various operating
conditions. Ref. [14] utilized particle swarm optimization algorithm to offline optimize
SSDC parameters, enabling them to adapt to sub synchronous oscillation suppression
under different degrees of series compensation, but did not consider the impact of dynamic
changes in control parameters.

Research on SSO control strategies in grid-connected photovoltaic systems is still in the
stage of gradual improvement. Ref. [15] proposes an optimization method for current loop
gain parameters and photovoltaic inverter control parameters using the whale migrating
algorithm (WMA), which balances algorithm exploration and exploitation capabilities to
avoid local optima and achieve effective convergence. Ref. [16] points out that there is also
an interactive control effect between the static var generator and the photovoltaic power
generation system, necessitating reasonable design of their control parameters to enhance
overall system stability. Ref. [17] proposes a resonance suppression method for photovoltaic
power plants based on static var generator (SVG) high-frequency impedance reshaping.
By implementing high-frequency phase compensation of the SVG, effective suppression
of high-frequency oscillations in photovoltaic power plants is achieved, along with a
corresponding parameter tuning method. Ref. [18] addresses the scenario of photovoltaic
integration into DC grids by proposing an active damping stability control method. A
virtual resistor is inserted into the DC grid-side port of the grid-connected photovoltaic
power generation unit, ensuring good stability of the generation unit under different output
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power levels. Ref. [19] takes the desert and Gobi photovoltaic grid-connected system as
the research object. Based on the traditional dual-loop current control strategy, a system
impedance model considering the phase-locked loop is established. Subsequently, the
inverter impedance is decomposed, and corresponding adaptive control loops are designed
for each impedance component to improve system impedance according to the real-time
operating status of the photovoltaic grid-connected system. Ref. [20] proposes a power
oscillation suppression strategy for photovoltaic power generation systems based on an
adaptive quasi-resonant controller. Ref. [21] establishes a relevant mathematical model for
the impact of grid sub-synchronous oscillation on grid-connected photovoltaic inverters
and proposes an adaptive quasi-resonant controller optimized by an improved Prony
algorithm to eliminate oscillation disturbances. Finally, the effectiveness of this suppression
strategy is verified through simulation. Ref. [22] proposes an online detection method
for electromechanical oscillations based on a non-stationary second-order autoregressive
model and Bayesian estimation, which provides transmission operators with stability
margin information by calculating the posterior probability of pole instability.

The aforementioned control strategies for wind turbines and photovoltaic systems
all belong to model-based control (MBC), whose effectiveness strictly relies on the prior
foundation of a high-precision mathematical model of the system. However, unmodeled
dynamics and multi-source uncertainties are inevitable during the modeling process, which
may lead to poor adaptability of the closed-loop control system. Notably, the unknown and
uncertain nature of controller parameters in practical control systems directly undermines
the core assumption of model-based control—namely, that the system dynamics can be
accurately described by a precise mathematical model—thereby making it difficult to
effectively apply model-based control methods.

Traditional control methods rely heavily on accurate mathematical models of systems.
Their damping performance is limited in the face of complex uncertainties and operating
condition variations, making it difficult to meet the stability control requirements of new-
type power systems. In recent years, data-driven control (DDC) has become an important
approach for addressing oscillation issues in complex systems due to its independence
from prior models.

MFAC designs the controller using only system input and output data, with its core
idea being the dynamic linearization of nonlinear systems. The compact-form dynamic
linearization (CFDL) features a simple structure, few parameters, and good real-time
performance, making it the most widely used type of MFAC. Recently, researchers have
introduced MFAC into the suppression of sub-synchronous oscillations in wind power
systems. Ref. [23] combined CFDL-based MFAC with a static SSDC, and the designed
damping controller effectively suppressed sub-synchronous oscillations under various
operating conditions. Ref. [24] integrated CFDL-type MFAC with a conventional SSDC,
showing strong adaptability in both single-machine and multi-machine systems. Ref. [25]
compared the control performance of partial form dynamic linearization (PFDL), full form
dynamic linearization (FFDL), and CFDL-type MFAC, indicating that the former two
provide superior damping performance and robustness under variable wind speed and
variable series compensation ratio conditions.

In existing studies on sub-synchronous oscillation suppression, most control strategies
rely heavily on accurate mathematical models of wind turbines or photovoltaic systems.
Furthermore, current research on MFAC only targets SSO caused by series-compensated
wind farms. Accordingly, this paper innovatively applies MFAC to photovoltaic grid-
connected systems. Compared with conventional control schemes for PV systems, the
proposed strategy frees itself from dependence on precise mathematical models, utilizing
system input and output data, without prior identification of the controlled plant’s structure.
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This paper adopts MFAC theory to design a damping controller, aiming to suppress
5SSO in photovoltaic grid-connected systems. The specific research contents are as follows:
First, a novel supplementary damping controller is designed based on the MFAC theory.
Second, an optimization scheme for the controller parameters is established using the parti-
cle swarm optimization algorithm. Finally, time-domain simulations are conducted to verify
the suppression performance of the proposed controller on SSO under various scenarios.

2. MFAC-SSDC Structure and System Dynamic Linearization
2.1. MFAC-SSDC Controller Structure

A schematic diagram of the MFAC-SSDC controller structure is shown in Figure 1.
According to Figure 1, the MFAC-SSDC consists of two parts: the pseudo-partial derivative
estimator and the predictor. Among them, the pseudo-partial derivative estimator updates
the estimated value ¢, (k) of the pseudo-partial derivative based on the input and output
data of the current photovoltaic system. The predictor calculates the controller output
u(k) based on the updated ¢.(k) and the input-output data, and then applies it to the
photovoltaic system.

estimator PV
< Ay (k) Z-l
estimator |_
| TN e Auk-1 3
z| 2.0 Z
| Diff]
Diff] X
A
* k+ predictor —'ﬂ* PV —"M;l
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Figure 1. Schematic diagram of MFAC-SSDC structure.

According to Figure 1, the principle of the MFAC-SSDC controller suppressing sub-
synchronous oscillations is as follows: First, at time k, the input u(k) generates y(k + 1)
after passing through the photovoltaic system. The MFAC-SSDC controller acquires the
current system output y(k + 1) and the previous input (k). The estimator then calculates
the pseudo-partial derivative ¢ (k) using Au(k — 1) and Ay(k). Meanwhile, the error e(k
+ 1) = yx — y(k) between the reference output and the actual output of the photovoltaic
system is calculated, where the reference value y* is usually a constant variable under
non-oscillatory operating conditions. The predictor estimates the dynamic characteristics
of the photovoltaic system (the effect of the input variation Au on the output) based on the
pseudo-partial derivative ¢.(k), and computes the new control input u(k + 1) by combining
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the error e(k + 1) and u(k — 1). The new control signal u(k + 1) is then applied to the
photovoltaic system. The photovoltaic system responds and generates a new output y(k +
2); y(k + 2) is fed back to the system as the input for the MFAC-SSDC controller in the next
cycle. The above process is repeated to achieve continuous adaptive control.

2.2. System Dynamic Linearization Model

Photovoltaic systems can be regarded as single-input single-output discrete-time
nonlinear systems described by the following model:

y(k+1) = fy(k),yk=1),...,y(k—ny),

u(k),u(k—1),...,u(k —ny)) 1)

where: u(k), y(k) are the input and output of the system at time k; n,,, 1, are dimensions of
the input and output; f() is an unknown nonlinear function.

The dynamic characteristics of the nonlinear system shown in Equation (1) are ob-
tained by estimating its pseudo-partial derivative (PPD). Then, using the resulting PPD,
a dynamic linearization model between the input and output of the system can be estab-
lished. Depending on the linearization process, the existing dynamic linearization methods
can be mainly classified into CFDL, PFDL, and FFDL. It is notable that the dynamic lin-
earization data model used in CFDL is relatively simplified in structure, considering only
the contribution of the change in input at the current sampling moment to the system
output at the immediate next sampling moment. PFDL’s dynamic linearization data model
introduces a sliding time window to consider the impact of input changes at the current
and the previous L-1 moment on the output at the next moment, while FFDL’s dynamic
linearization data model considers the impact of historical input and output changes on the
output at the next moment. Among them, the CFDL model has the simplest structure and
the lowest computational complexity, and is suitable for scenarios with high real-time re-
quirements. Therefore, this paper selects the compact format linearization method CFDL to
perform equivalent linearization on Equation (1). The system should satisfy the following
two assumptions.

Assumption 1: The partial derivatives of the function f(*) with respect to the input
u(k) are continuous except for a finite number of time points.

Assumption 2: Except for finite time points, Equation (1) satisfies the generalized
Lipschitz condition, that is:

y(k+1) = y (k)| < blu(k) — u(k—1) 2)

where: b is a normal number.

Assumption 1 sets the typical constraint premise for a general nonlinear system,
reflecting the essential limitations of such systems; Assumption 2 (Generalized Lipschitz
Condition) further specifies that a bounded change in system input must lead to a bounded
change in system output, which is a fundamental property satisfied by almost all practical
industrial physical systems [26].

For the PV grid-connected system studied in this paper, its core is a grid-tied inverter
system with closed-loop control, which is a typical physical system following objective
circuit laws and energy conservation principles. From the perspective of dynamic character-
istics: The mapping relationship between the control input of the system (the output of the
additional damping controller) and the system output (the sub-synchronous component of
the grid-connected current) is continuous and differentiable, and the partial derivative of
the nonlinear mapping function with respect to the control input is continuous, which fully
satisfies the requirements of Assumption 1.
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The PV grid-connected system is an energy-bounded physical system. A bounded
change in the control input will only cause a bounded dynamic response of the output
electrical quantity, and there will be no unbounded jump in the output under finite input
disturbances, which strictly conforms to the generalized Lipschitz condition defined in
Assumption 2.

For the nonlinear system (1) satisfying Assumption 1 and Assumption 2, when |Au(k)|
# 0 for all time k, there must exist a time-varying bounded parameter € R, such that the
system can be equivalently transformed into the CFDL incremental data model:

Ay(k+1) = ¢pc(k)Au(k) 3

where: Ay(k + 1) = y(k + 1) — y(k) is the system output increment at adjacent times.

The complete proof of this lemma can be found in Ref. [27].

By substituting Ay(k + 1) = y(k + 1) — y(k) into Equation (3) and rearranging the terms,
the final CFDL model of the system is obtained:

y(k+1) = y(k) + ¢ (k) Au(k) 4

where: Au(k) = u(k) — u(k — 1) is the variation of the output at two adjacent times; ¢ (k) is
the pseudo-partial derivative of the photovoltaic system.

Through the derivation of Equation (4), the photovoltaic system, which originally had
an unknown exact model, was successfully transformed into an equivalent model with a
linearized form. The model introduces dynamically updated pseudo-partial derivatives
to capture the nonlinear dynamic characteristics of the system without relying on tradi-
tional physical mechanism modeling. The equivalent model contains neither the dynamic
structure of the controlled system nor any physical parameters and is completely free from
reliance on prior knowledge of the system. The construction and update of the model
are based solely on real-time input-output data, which is a data-driven approach. Such
methods mine dynamic patterns through data and are applicable to complex systems or sce-
narios with uncertain parameters, significantly enhancing the adaptability and robustness
of control strategies.

2.3. Pseudo-Partial Derivative Estimator

The pseudo-partial derivative, as a key characterization of the dynamic characteristics
of the system, has time-varying properties and its true value is difficult to obtain directly by
measurement or analysis. Therefore, an online identification method is needed to estimate
its current value in real time using the historical input and output data of the controlled
object. ¢¢(k) The criterion function for estimating the pseudo-partial derivative is:

J[#(0)] = (v(k) = y(k = 1) = ge(k)Au(k — 1)) )
+#(9e(k) = fe(k 1))

where: y is the weighting factor, i > 0. The rationale for selecting the criterion function in
Equation (5) is as follows:

The first term (y(k) —y(k — 1) — ¢pc(k)Au(k — 1))? is the estimation error term. It
minimizes the deviation between the predicted and actual output of the photovoltaic grid-
connected system, ensuring the accuracy of PPD estimation and the fidelity of CFDL model
for the non-linear time-varying grid-connected system.

The second term p (¢pc (k) — e (k — 1))2 is introduced to solve the ill-posed problem of
PPD estimation in practical engineering: the photovoltaic grid-connected system is affected
by grid strength fluctuation, non-linear disturbance and measurement noise, which may
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lead to sharp divergence of the unconstrained estimation results. This term constrains the
variation of the estimated PPD between adjacent sampling steps, ensuring the stability of
the estimation process.

The core function of the weight factor 1 is to balance the accuracy and smoothness of
the pseudo-partial derivative estimation. If the value of y is too small, the smoothness will
decrease significantly and the estimated value will fluctuate sharply; if the value of y is too
large, although extremely high smoothness can be obtained, it will lead to lag in the update
of the estimated value.

Regarding finding the extremum of ¢, (k) in Equation (5), the algorithm for estimating
the pseudo-partial derivative is:

pe(k) = fe(k—1) + %
[Ay(k) = pe(k = 1) Au(k —1)]

where: 7 is the step factor. 7 € (0, 2].
In order to enhance the tracking ability of the estimation algorithm for time-varying
parameters, the following algorithm reset mechanism needs to be introduced:

~ N

(Pc(k) = ‘Pc(l),

Pc(k)| <eor|Au(k—1)| <e 7)

where: ¢ is a sufficiently small positive number, ¢.(1) is the initial value of ¢ (k).

The pseudo-partial derivative parameter of the system shows a relatively simple
dynamic variation characteristic, which is manifested as a parameterized quantity with
slow time-varying characteristics. The value of this parameter depends on factors such
as the system’s intrinsic dynamic characteristics, the operating point of the closed-loop
operation, and the way the control input signal acts. Even though the system itself is
significantly time-varying in terms of structure, order, delay, or physical parameters, the
pseudo partial derivatives show little variation in output behavior, demonstrating strong
robustness and stability. This characteristic enables data-driven control methods based on
pseudo-derivative modeling to effectively achieve high-performance control of complex
time-varying dynamic processes even in the absence of an exact mathematical model of
the system.

2.4. Predictor

The predictor uses the pseudo-partial derivative estimator provided by the pseudo-
partial derivative estimator, combined with the historical input data of the photovoltaic
system, the historical output data, and the expected output target, to derive the control
instruction u(k) at the current moment in real time, so that the output y of the system keeps
approaching the output target value y*.

One-step prediction error control algorithms in discrete-time systems face inherent
flaws: the minimum error criterion poses the risk of saturating the control signal and
undermining system stability; The weighted error criterion, however, has the shortcomings
of static error after convergence and limited accuracy [27]. Therefore, the control input
criterion function is constructed as follows:

Ju(k)] = (v* = y(k +1))* + Au(k) - u(k - 1))? ®)

where: y* is the expected system output value, A is a weighting factor used to suppress the
variation of the control input quantity and ensure that the control input signal has a certain
degree of smoothness. Selecting an appropriate one can both ensure the stability of the
controlled system and achieve better output performance.
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Substitute Equation (4) into the performance index (8). Since all variables in the
discrete-time system are real numbers, the absolute value square can be directly rewritten
as the square form, and the performance index is transformed into:

JTu(k)] = [y * =y (k) — ge (k) (u(k) — u(k = 1)) + A(u(k) — u(k —1))> ©)

To obtain the optimal control input u(k) that minimizes J[u(k)], we take the first-order
partial derivative of J[u(k)] with respect to u(k) according to the extreme value condition of
the convex quadratic function:

LA — 2ly s~y (6) = 9ol ()~ (k= D](=9clk) + 2A(u(8) ~ u(k = 1) (10)

For the convex quadratic performance index, the first-order partial derivative equal to
zero is the necessary and sufficient condition for the global minimum. Let o] [u(k)]/du(k) =
0 divide both sides of the equation by 2, and expand and sort out the formula:

—¢e(B)ly * —y (k) — pe (k) (u(k)) — u(k = 1]+ A(u(k) —u(k—1)) =0 (11)

—ge (k) (y + —y (k) + [pc (k) + A] (u(k) — u(k = 1)) =0 (12)

Move the tracking error term to the right side of the equation, and solve for the control
input increment:

e (k)
(u(k) —u(k—1)) = ¢C(k)2+/\(]/* y(k)) (13)
In practical engineering applications, to ensure the bounded-input bounded-output
stability and robustness of the closed-loop system, avoid excessive overshoot and abrupt
change of the control input, step factors py € (0, 1] and p; € (0, 1] are introduced into the
control law. In addition, since the PPD ¢, (k) is unknown and needs to be estimated online
in real time, the estimated value ¢ (k) is used in the actual control algorithm. Finally, the

MFAC control law is obtained as:

4 043C (k) *

u(k) = pru(k —1) + @C(k)z+)\[y y(K)] (14)
Combined with Equations (6), (7) and (14), the proposed scheme forms the MFAC-
SSDC algorithm for suppressing sub-synchronous oscillations. From the above three
formulas, it can be seen that the CFDL data model is entirely dependent on the input and
output data collected in real time by the closed-loop system for controller design, and nei-
ther contains nor implies any mathematical model information that describes the dynamic
behavior of the controlled object. Meanwhile, because pseudo-partial derivatives have a
strong tolerance for uncertainties in the system such as time-varying parameters, structural
changes, phase shifts, and hysteresis, the MFAC method based on the CFDL model shows

good robustness and adaptability when dealing with complex dynamic uncertainties.
Specifically, MFAC belongs to the category of data-driven control. Its design process
relies minimally on an accurate mathematical model of the controlled system. Unlike model-
based control methods that demand precise system parameters and structure, MFAC only
relies on input-output data to realize adaptive control, thus avoiding the complexity and
inaccuracy caused by model identification. The core idea of the method is to transform
a complex discrete-time nonlinear system into a virtual, equivalent time-varying linear
data model by means of dynamic linearization, using pseudo partial derivatives or pseudo-
gradients. This modeling approach not only provides a clear framework for the design of
the controller, but also enables the system to maintain stable and efficient performance in
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the face of multiple operating conditions and uncertain disturbances, an advantage that is
difficult to achieve with traditional model-based control strategies.

3. MFAC-SSDC Access Location and MFAC-SSDC Parameter Design
3.1. MFAC-SSDC Access Location

Figure 2 shows the access position of the inverter current inner loop control circuit
and the MFAC-SSDC controller in the photovoltaic grid-connected system. Among them,
Uugq and ugq are the d-axis and g-axis components of the grid voltage; iggref and iggrer are
reference values for the d-axis and g-axis components of the grid current; igq and igq are the
d-axis and q-axis components of the grid connected current; 6, is the lock-in angle output
by the phase-locked loop. Hj,.(s) is the transfer function of the current inner loop.

I I
4 abc d -
I ;
. d q
i q >

[ gref —h%

Figure 2. MFAC-SSDC Access Location.

Specifically, Hi,c(s) corresponds to the d-axis and g-axis proportional-integral control loops
of the current inner loop, which is defined as:

Ki»

Hige (S) = KpZ + 5 (15)

where: K;,» and Kj; are the proportional and integral gains of the current inner loop PI
controller, respectively.

Under normal circumstances, synchronize the rotation of the coordinate system d-axis
to locate the grid connection point voltage vector, which will result in the g-axis component
ugq of the grid connection point voltage being zero and having no reference significance.
At the same time, the d-axis of the current inner loop directly affects the active power of the
grid connection point. Therefore, this paper selects the d-axis component ugq of the grid
connection point voltage of the photovoltaic grid connection system as the input signal of
MFAC-S5DC, and the output Auppac of MFAC-SSDC is added to the output terminal of
the d-axis current inner loop.
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3.2. MFAC-SSDC Parameter Design

For the MFAC-SSDC controller mentioned above, the parameters that need to be opti-
mized are [A, po, 01,7, #, $c(1)], which have a significant impact on the control performance
of MFAC-SSDC. Specifically, the key parameter that balances the feedback strength and
numerical stability of A directly affects the amplitude of the control variable. If A is too
small, the system response is too sensitive, and the unit error causes excessive control
adjustments, leading to high-frequency oscillations and even system instability. If A is too
large, the control action is too conservative, which suppresses the system’s response ability
to errors, resulting in sluggish response, prolonged adjustment time, and even inability to
eliminate steady-state errors. p mainly limits the rate of change of pseudo partial deriva-
tives to prevent drastic parameter fluctuations caused by dynamic changes in the system,
thus smoothing the control process. If j is too small, the estimated value of pseudo partial
derivatives will change too dramatically, resulting in frequent and significant fluctuations
in the control quantity, a decrease in system stability, and possible sustained oscillations.
If u is too large, parameter changes will be excessively restricted, making it difficult for
the controller to adapt to dynamic changes in the system, and the adaptive ability will be
weakened. When facing load changes and other working conditions, the response will lag.
1 controlling the update speed of pseudo partial derivatives determines the speed at which
the system learns new dynamic characteristics. If it is too small, it can lead to slow learning
speed and prolonged convergence process. If it is too large, it can cause the learning
process to be too aggressive, which may result in parameter estimation oscillations or even
divergence. The update rate of pgp and p; control variable affects the dynamic response
characteristics of the system. If its value is too small, it can cause the system to respond
slowly and the correction of errors to be too slow, resulting in prolonged adjustment time
and increased overshoot. If its value is too large, it can cause excessive changes in the
control variable, which may lead to system oscillation. ¢.(k) is a real-time estimation of the
dynamic characteristics of the system, reflecting the degree of impact of input changes on
output, and is the core of MFAC to achieve “model free” control. Inaccurate estimation of
its value can lead to errors in control quantity calculation, manifested as increased tracking
error, abnormal system response, and even instability. ¢.(1) is the initial value of ¢.(k).
The parameter constraints to be optimized mentioned above are:

A>0

0<n<2

u>0 (16)
0<po<1
0<pp <1

In order to quantitatively evaluate the dynamic suppression effect of the proposed
MFAC-SSDC on sub synchronous oscillations and optimize controller parameters, appro-
priate performance indicators are crucial. Time weighted mean square error integral (ITSE)
is a compromise measure between squared error integral (ISE) and absolute time error
integral (ITAE). It retains the fast convergence characteristics of ISE while overcoming the
slow response problem of ITAE. This makes ITSE particularly suitable for characterizing
transient processes in grid connected systems, which is crucial for achieving effective
oscillation suppression. Therefore, this article chooses ITSE performance indicators as the
objective function, and its calculation formula is defined as:

[2)
JiTsE Z/t te(t)dt (17)
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where: t; is the time when the controller is put into operation; ¢, is the time when the
controller switches out; e(t) = y* — y(t), e(t) is the difference between the system output
reference value and the actual value.

With the minimum value of the objective function as the optimization objective, the
particle swarm optimization algorithm is used to optimize the above parameters, as shown
in Figure 3. The population density is set to 20, the number of iterations is set to 20, the
inertia weights of the 6 parameters are set to a fixed value of 0.75, the self-learning factor is
set to 1.5, the group learning factor is set to 2, the simulation step size is set to 1 x 10 ~7s,
and the convergence standard is set to 0.005.

Set the constraint conditions for the parameters to be tuned

[, 05, 01,1, 14,8, (1)]

Running Particle Swarm Optimization Algorithm in Matlab

'

Initialize the particle swarm to obtain the velocity and
position of each particle

>
v

Call Simulink simulation in Matlab, calculate the objective
function value Jirsg under iteration i and use it as fitness

'

Update individual optimal position pbest and population
optimal position gbest i=it+1

'

Update the position and velocity of particles

Has the maximum number of iterations been
eached or does gbest meet the minimum limit?

Figure 3. Controller Parameter Optimization Flowchart.

4. Case Analysis

Build a simulation model of the photovoltaic grid-connected system in the Matlab
/Simulink (R2022b) environment based on the topology shown in Figure 4. The model
mainly consists of a photovoltaic array, DC-side capacitors, inverters, filters, two step-up
transformers and transmission lines. The photovoltaic is first raised to the grid connection
point voltage by a 0.25/25 kV step-up transformer, and then connected to the AC grid
through a 25/125 kV step-up transformer and transmission line. The key parameters of the
photovoltaic grid-connected system are shown in Table 1.
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U Us network
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1 2

Figure 4. Photovoltaic grid connected system model.

Table 1. Parameters of Photovoltaic Grid connected System.

Parameter Value Retrieval

photovoltaic capacity /KW 250

Voltage outer loop parameters (Kp1, Kip) (2, 400)

d-axis current inner loop parameters (Kp2, Ki2) (0.3, 20)

g-axis current inner loop parameters (Kp3, Ki3) (0.3,20)

PLL parameters (Kp4, Kig) (180, 3200)

transformerX; /pu 0.08
transformerX, /pu 0.08
Transmission line resistance Rs/pu 0.02
Transmission line reactance Xs/pu 0.23

For the photovoltaic system in Figure 4, this paper verifies the sub-synchronous
oscillation suppression performance of MFAC-SSDC through multiple time-domain simu-

lation cases.

4.1. Example 1: Verifying the Effectiveness of MFAC-SSDC in Suppressing SSO

The initial operating conditions of the photovoltaic system are as follows: The photo-
voltaic output is 0.86 pu; The short-circuit ratio is 3.17; The proportional coefficient K of
the voltage outer loop is 3, and the integral coefficient Kj; is 800; The d-axis current inner
loop has a proportional coefficient K of 0.3 and an integral coefficient Kj; of 20. At 0.5's,
Kp2 is reduced to one-fifth of its original value and Kj; is increased by a factor of 15, at
which point SSO occurs in the photovoltaic system. MFAC-SSDC optimizes the control
parameters based on this operating point, and the optimal parameters obtained using the
optimization algorithm proposed in Section 3 are shown in Table 2.

Table 2. MFAC-SSDC Controller Parameters.

Parameter Gll\’c (1) U n A Po 01
Value Retrieval 21.67 41.84 0.85 60.16 0.38 0.98

When the MFAC-SSDC controller is added at 0.7 s, the time-domain waveforms of
the active power output P of the photovoltaic system before and after the addition of the
MFAC-SSDC controller were obtained as shown in Figure 5.
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Figure 5. Inhibition effect of MFAC-SSDC: (a) Controller-less; (b) MFAC-SSDC.

According to Figure 5, the photovoltaic system remained in normal operation until
0.5 s, and at 0.5 s, changing the parameters of the inner loop of the d-axis current caused
significant oscillations in the output active waveform. However, when MFAC-SSDC is
added at 0.7 s, the setting time is 0.07 s. After 0.77 s, the active waveform returns to its
pre-oscillation state and the oscillation does not recur.

Figure 6 presents the FFT analysis results of the current at the A-phase parallel point
before and after the addition of MFAC-SSDC. According to Figure 6, in the absence of
A controller, the A-phase parallel point current has a 42 Hz sub-synchronous oscillation
component in addition to the fundamental frequency component; After the MFAC-SSDC
is put into operation, the 42 Hz oscillation component is suppressed, leaving only the
fundamental frequency component. Therefore, the proposed MFAC-SSDC can effectively
suppress SSO.

=104 Fundamental (1Hz) = 0.01618

3.5

Veg (% of Fundamental)

L

0 10 20 30 40 50 60 70 80 20 100

Frequency (Hz)
(a)

108 Fundamental (1Hz) = 0.003654

Mag (% of Fundamental)

0 10 20 30 40 50 60 70 80 20 100
Frequency (Hz)

(b)

Figure 6. FFT analysis results of the grid-connected point current at a single oscillation frequency:
(a) Without controller; (b) MFAC-SSDC control.
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4.2. Example 2: Verifying the Adaptability of MFAC-SSDC

Using the operating point mentioned above as the base point, different oscillation
frequencies are obtained by changing the grid strength, photovoltaic output, the propor-
tional coefficient Kp,; of the voltage outer loop, and the integral coefficient Kj;; At the same
time, the proposed MFAC-SSDC was compared with the traditional additional damping
controller (C-SSDC) based on the phase compensation principle to verify the advantages of
the MFAC-SSDC in terms of adaptation. The structure of the C-SSDC is shown in Figure 7.

max

Ugd 1+Ts ’
’ ’ 1+ Tys A Usspe

min
Figure 7. Structure diagram of C-SSDC controller.

The controller access position and input signal of C-SSDC are kept the same as those
of MFAC-SSDC. The C-SSDC consists of components such as filtering, phase shifting, gain,
and limiting. First, the filtering section consists of a DC-blocking section and a low-pass
filter connected in series. In this paper, the cut-off frequency of the DC-blocking section is
set to 39.5 Hz, and the cut-off frequency of the low-pass filter is set to 44.5 Hz; The phase
shift consists of two identical phase shifters, mainly to achieve phase compensation for the
filtered components; The gain link provides gain compensation The gain in this paper is
0.4. The limiting stage restricts the amplitude of the additional damping signal to no more
than 50% of the voltage reference value. Phase shifter parameters T7 and T are set using
the following formula:

= (1-sinb)/(1+sinb)
Ty = 1/ (ws/a) (18)
Tz = IXT1

where: w is the oscillation frequency of the input signal; 8 is the phase of the phase to be
compensated in the system.

The phase to be compensated by the system is —30.1°, so each phase shifter compen-
sates for —15.05°. The phase shifter parameters obtained according to Equation (18) are
shown in Table 3:

Table 3. C-SSDC Phase Shifter Parameters.

Parameter T1/MS T2/MS
Value Retrieval 494 2.91

The sub-synchronous oscillations at different frequency points are obtained by chang-
ing the grid strength, photovoltaic output P, the proportional coefficient Ky, of the voltage
outer loop, and the integral coefficient Kj; based on the operating point A, as shown in
Table 4. Set the time to add disturbances at 0.5 s and the controller’s input time at 0.7 s. The
suppression effects of C-SSDC and MFAC-SSDC on different oscillation frequencies of SSO
are compared respectively at the operating points of A-C.
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Table 4. Oscillation frequency under different parameters.
cp Operating
Classification Point SCR P/pu Kp1 Kin Frequency/Hz
basic point A 3.17 0.86 3 800 42
parameter B 2.72 0.86 3 800 43
change C 3.17 0.86 4.5 1200 32

The strength of the grid connection is generally measured by the Short-Circuit Ratio
(SCR), which is defined as follows:

Ll

SCR =
ZsSN

(19)

where: Ul is the rated voltage at the PV grid connection point, Sy is the rated system
capacity, and Zs is the equivalent grid impedance.

Figure 8 shows the active power waveform at the grid connection point when C-55DC
is put into operation at point A. It can be seen from Figure 8 that after C-55DC is activated,
it takes a relatively long time to completely suppress the oscillation, and the active power
fluctuates within a small range. Compared with the MFAC-SSDC in Figure 5, although the
C-SSDC has A slower suppression speed than the MFAC-SSDC, it still has a satisfactory
suppression effect on the oscillation at operating point A.

1r
0.8 -

=
(Y
a 0.6

0.4

0.4 0.5 0.6 0.7 0.8 0.9 1
t/s

Figure 8. Inhibition effect of C-SSDC at operating point A.

Figure 9 shows the active power waveforms at the parallel point of uncontrolled,
C-SSDC and MFAC-5SSDC at operating point B. As shown in Figure 9, C-SSDC still has a
relatively obvious damping effect on oscillation at operating point B; The MFAC-SSDC still
suppresses sub-synchronous oscillations within a very short time after being activated, and
there is no fluctuation in active power after the oscillation is suppressed.

Figure 10 shows the active power waveforms at the parallel point of uncontrolled,
C-55DC and MFAC-SSDC at operating point C. Since the oscillation frequency at operating
point C is 32 Hz, the oscillation frequency has shifted significantly compared to operating
point A, and the compensation angle of C-SSDC may deviate from the optimal compen-
sation angle, resulting in a significantly weakened oscillation suppression effect; While
the MFAC-SSDC still maintains a good suppression effect on oscillations, it achieves the
suppression of sub-synchronous oscillations in a very short time after being activated.
In summary, by comparing the suppression effects of MFAC-SSDC and C-SSDC on SSO
at operating points A-C, it can be concluded that the MFAC-SSDC proposed in this pa-
per has stronger adaptability and can suppress sub-synchronous oscillations of different
oscillation frequencies.
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Figure 9. Inhibition effects between MFAC-SSDC and C-SSDC at operating point B: (a) Controller-less;
(b) C-SSDC; (¢) MFAC-SSDC.
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Figure 10. Inhibition effects between MFAC-SSDC and C-SSDC at operating point C: (a) Controller-
less; (b) C-SSDC; (¢) MFAC-SSDC
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4.3. Example 3: Consider the Suppression of SSO at Multiple Oscillation Frequencies

Example 2 discusses the damping effect of MFAC-SSDC on SSO under different
parameters, but both are for a single oscillation frequency. This section will discuss the
inhibitory effect of MFAC-SSDC on multiple oscillation frequencies. The initial operating
conditions of the photovoltaic system are as follows: Photovoltaic output is 0.69 pu; The
short-circuit ratio is 3.17; The proportional coefficient K;,; of the voltage outer loop is 3, and
the integral coefficient Kj; is 800; The d-axis current inner loop has a proportional coefficient
K2 of 0.3 and an integral coefficient Kj, of 20. At 0.5 s, K is reduced to one-fifth of its
original value and increase Kj; is increased by a factor of 50, at which point SSO occurs
in the photovoltaic system. The controller uses the parameters in Table 2, and the active
power waveforms before and after the controller is added are shown in Figure 11.

1 -
=
L£0.5F
(=9
0 1 il 1L 1
0.4 0.5 0.6 0.7 0.8 0.9 1
t/s
(a)
1 —
=
£05¢F
(=W}
0 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1
t/s
(b)

Figure 11. Suppression Effect of MFAC-SSDC at Multiple Oscillation Frequencies: (a) Controller-less;
(b) MFAC-SSDC.

As shown in Figure 11, the photovoltaic system changed the parameters of the inner
loop of the d-axis current at 0.5 s, causing significant oscillations in the output active
waveform. But when MFAC-5SDC is added at 0.7 s, the oscillation is suppressed for a short
time, and the active waveform returns to the state before the oscillation.

Figure 12 shows the FFT analysis results for the A-phase parallel point current between
0.5-1 s and 1-1.5 s before the addition of the MFAC-SSDC. According to Figure 12, in the
absence of the controller, in addition to the fundamental frequency component, there are
32 Hz and 26 Hz sub-synchronous oscillation components in the A-phase parallel point
current. After the MFAC-SSDC is activated, the 32 Hz and 26 Hz oscillatory components are
suppressed, leaving only the fundamental frequency component. Therefore, the proposed
MFAC-SSDC also has a good damping effect on SSO at multiple oscillation frequencies.
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Figure 12. FFT analysis results of the grid-connected point current under multiple oscillation frequen-
cies: (a) Without controller; (b) MFAC-SSDC control.

The mechanism behind the increase in oscillation frequency when Kj; increases sig-
nificantly is as follows. When the integral coefficient Kj; of the d-axis current loop in-
creases moderately, the phase lag of the controller is limited, and only one dominant
sub-synchronous mode in the system satisfies the oscillation conditions in terms of phase
and gain, thus resulting in single-frequency oscillation. With a substantial increase in
Ki, the phase lag of the current loop increases significantly, and the control gain is
greatly enhanced over a wide frequency range, which excites multiple originally weakly
damped sub-synchronous modes in the system, eventually leading to multi-frequency
sub-synchronous oscillations.

4.4. Example 4: Consider the Suppression of SSO for Different Oscillation Mechanisms

In photovoltaic grid-connected systems, the core function of the phase-locked loop is
to detect the voltage phase at the grid connection point and provide an accurate phase refer-
ence for inner loop control, which is crucial for the stable operation of the system. However,
the presence of the oscillation mode of the phase-locked loop poses a serious threat to the
stability of the power system. Therefore, this section will explore the suppression effect of
MFAC-5SDC on SSO caused by phase-locked loops.

First, improper parameter setting of the phase-locked loop is the main cause of PLL-
SSO, while insufficient grid strength is another key factor inducing PLL-related oscillations.
Therefore, by reducing Kp4 by a factor of 1.84 and increasing Kj4 by a factor of 2.5, the grid
strength is reduced to 1.33, causing PLL-SSO to occur in the system.
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The dynamic characteristics of the system are differ significantly because the oscilla-
tions caused by the phase-locked loop and those caused by the current inner loop have
different oscillation mechanisms. The output pseudo-partial derivative of the MFAC-SSDC
estimator is used to estimate the dynamic characteristics of the system. Although the
pseudo-partial derivatives can be updated adaptively, they cannot accurately estimate
the system dynamics within a short time, which leads to the predictor not being able to
output appropriate additional signals and degrades the suppression performance of the
MFAC-55DC. Therefore, the control parameters of the MFAC-SSDC need to be reoptimized,
with the controller input time set at 0.2 s and the access position of the MFAC-SSDC re-
maining unchanged. Under the operating conditions mentioned above, the parameters
were optimized using the optimization algorithm described in Section 3, and the optimized
results are shown in Table 5.

Table 5. MFAC-SSDC Controller Parameters for PLL-SSO.

Parameter A Po P1 u n ¢,(1)
value retrieval 979.51 0.11 0.99 776.72 0.85 670.52

After using the controller parameters in Table 5 for the MFAC-SSDC, the waveforms
of the active power at the grid connection point before and after the MFAC-SSDC was put
into operation are shown in Figure 13.

Ln

0 0.5 1 1.5 2
t/s
(a)

0.6 L L 1 I}
0 0.5 1 1.5 2

t/s
(b)

Figure 13. Inhibition effect of MFAC-SSDC on PLL-SSO: (a) Controller-less; (b) MFAC-SSDC.

According to Figure 13, after the addition of MFAC-SSDC, oscillations are significantly
suppressed, active power fluctuated only in a very small range for approximately 1 s, and
active power tended to stabilize after 1.6 s. It can be seen that MFAC-SSDC is also capable
of suppressing SSO caused by different oscillation mechanisms.

The reasons for the large difference in parameters between Tables 2 and 5 are as
follows: The significant differences in the optimized MFAC parameters for SSO induced by
the current inner loop and PLL-induced SSO essentially reflect the optimal matching of
control parameters to the dynamic characteristics of different controlled plants. Taking A as
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an example, as a key parameter that balances control response speed and control signal
smoothness, the weighting factor A must be adjusted according to the bandwidth of the
oscillation source and the sensitivity of the controlled loop to control disturbances. For the
fast-dynamic current inner loop, a smaller A ensures rapid suppression of oscillations; for
the slow-dynamic PLL, which is sensitive to signal fluctuations, a larger A guarantees the
smoothness of damping injection and the stability of the phase-locking process.

It should be noted that the basic MFAC scheme adopted in this paper cannot auto-
matically detect the essential change of the SSO oscillation mechanism and trigger the
re-optimization of global control parameters. As a data-driven control method, MFAC
realizes adaptive control only through online PPD estimation under fixed control param-
eters, which can cope with small dynamic perturbations of the system under the same
oscillation mechanism, but cannot actively identify the switching of dominant oscillation
sources (e.g., from the current inner loop to the phase-locked loop) or complete automatic
global parameter tuning. The automatic detection of oscillation mechanism changes and
closed-loop parameter self-optimization will be the core content of our follow-up research
to further improve the engineering adaptability of the proposed control scheme.

5. Conclusions

This paper focuses on SSO problem in grid-connected photovoltaic systems, and pro-
poses a model-free adaptive control based supplementary damping controller embedded in
the inverter control loop. The main conclusions of this work obtained through time-domain
simulation verification are summarized as follows:

1.  Strong robustness and adaptability: In terms of overall control performance, the pro-
posed model-free adaptive controller outperforms the traditional additional damping
controller based on phase compensation. It possesses stronger operational adapt-
ability, and can effectively suppress sub-synchronous oscillations of photovoltaic
grid-connected systems under different oscillation frequency operating conditions,
showing good frequency adaptability.

2. Multi-frequency oscillation suppression: In terms of multi-frequency oscillation sup-
pression capability, the designed MFAC-SSDC achieves ideal suppression effects on
both single-frequency and multi-frequency sub-synchronous oscillations, breaking
through the limitation that traditional controllers can only be designed for single
oscillation frequency.

3.  Different-mechanism oscillation suppression: MFAC-SSDC can maintain a desir-
able suppression effect on sub-synchronous oscillations under different oscillation
mechanisms. Nevertheless, this method has obvious limitations: since the dynamic
characteristics of the system differ significantly under different oscillation mecha-
nisms, and the pseudo-partial derivative varies slowly, the controller parameters
must be re-optimized for different working conditions, which weakens its real-time
adaptability in complex and variable operating scenarios.

To further improve the performance of model-free adaptive damping control, future
research can focus on developing an adaptive parameter tuning mechanism that can
automatically adjust the controller parameters online according to operating conditions
and oscillation characteristics, so as to achieve stronger universality and higher robustness
without manual re-optimization.
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