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The Static Synchronous Compensator (STATCOM) is recognized as one of
the most advanced and effective technologies within the Flexible AC
Transmission Systems (FACTS) family, due to its rapid dynamic response
and high efficiency in regulating reactive power flow. However,
conventional two- and three-level STATCOM topologies suffer from limited
scalability and high harmonic distortion. This paper addresses these
challenges by employing a STATCOM based on Modular Multilevel
Converter (MMC). The significant contribution of this work is the
introduction of a novel control strategy for MMC-STATCOM systems
which is an adaptive PID controller integrated with a Grey Prediction Model.
In the proposed scheme, the PID gains are continuously adapted based on
predicted future error values obtained from the GM(1,1) grey model, rather
than instantaneous measured errors, enabling proactive compensation under
dynamic operating conditions. The performance of the proposed controller
is evaluated in MATLAB/Simulink environment and by using a 12 MVA,
34.5 kV MMC-STATCOM system with a full-bridge topology consisting of
22 submodules per phase. Under balanced load condition, the results
demonstrated that the adaptive grey-PID controller significantly reduced the
total harmonic distortion (THD) of the grid current by 43.75% as compared
to conventional PI controller. Under a severe unbalanced load condition, the
total harmonic distortion of the grid current is reduced by 33.42%.
Furthermore, the proposed controller successfully restored balance to the
grid voltage and current and maintained a stable DC-link voltage under
unbalanced load conditions. Additionally, the suggested controller achieved
a fast-settling time of 0.04 s during transient conditions, this conclusively
demonstrates its superior robustness and rapid dynamic response. Despite
the additional computational effort introduced by the grey predictor model,
it remains suitable for real time implementation due to its low order structure
and limited data window.
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1. INTRODUCTION

Modern power systems are increasingly challenged by the ongoing growth in demand and the large-scale
integration of renewable energy sources with inherently variable characteristics [1]-[3]. Ensuring high power
quality, maintaining voltage stability, and mitigating transient disturbances have therefore become essential
requirements for reliable and efficient power networks [4]-[6]. Within this context, the STATCOM has
emerged as one of the most advanced and effective technologies in the FACTS family. Owing to its fast
dynamic response and high efficiency in regulating reactive power flow [7]-[10]. Although two-level and three-
level STATCOM topologies are widely used, they still suffer from drawbacks such as bulky line-frequency
transformers, limited scalability, and high harmonic distortion in their output voltage waveforms [11][12]. To
address these issues, multilevel converter topologies particularly the Modular Multilevel Converter (MMC)
have been introduced [13]-[15]. MMC-based STATCOM provides reduced harmonic content, and the
capability to exchange the reactive power through a common DC bus [16]. Additionally, they facilitate
advanced roles, such as negative-sequence compensation under unbalanced grid conditions without operational
interruptions [17]-[19].

Several recent studies have highlighted the importance of advanced control strategies for MMC-
STATCOM systems. For example, Diab et al. (2020) formulated a joint optimization strategy for PI controller
tuning using Harris Hawks Optimization and Atom Search Optimization, achieving reduced THD, voltage
ripple, and circulating current in a 12 MVA, 34.5 kV [20]. Stepanov et al. (2023) proposed an MMC-Delta-
STATCOM model with integrated energy storage, allowing flexible interfacing of converter and storage
models using super-capacitors and batteries [21]. Eroglu et al. (2023) developed a multi-objective control
strategy for cascaded H-bridge multilevel converter (CHB-MLC) based battery D-STATCOM systems,
incorporating bidirectional power flow, fault-tolerant SOC balancing, and harmonic reduction schemes, which
significantly reduced THD under normal and fault conditions [22]. Liu et al. (2025) introduced a DBS-less
MMC-MTDC system for large-scale offshore wind integration. Their proposed architecture combines hybrid
MMCs with enhanced DC choppers and high-speed optical-fiber communication to achieve robust AC/DC
fault ride-through and improved economic efficiency [23].

Although various optimization-based, Model predictive and multi-objective control strategies have been
proposed for STATCOM systems, most existing approaches rely on offline tuning procedures or control actions
based on instantaneous error signals. Such methods may exhibit degraded performance under transients and
rapidly changing grid conditions. Therefore, there remains a need for control strategies that can inherently
adapt to system variations in real time without complex tuning procedures, particularly under severe
unbalanced operating conditions [24][25].

The primary contribution of this work is the design of an adaptive Grey-PID controller for MMC-
STATCOM systems, where the PID gains (K, K;, and Kj) are online-updated based on the predicted future
error obtained from the GM (1,1) model instead of present measured error. This predictive technique enables
anticipatory compensation, resulting in faster dynamic response and improved harmonic performance
compared to conventional PI controller. This paper evaluates the performance of the proposed controller in 12
MVA MMC-STATCOM system, focusing on internal energy balance and THD reduction. PI approach is
selected as the benchmark due to its widespread industrial adoption and well-established performance
characteristics, allowing a clear and fair evaluation of the proposed technique.

The remainder sections of this paper are organized as follows: Section 2 reviews MMC topologies and
modeling; Section 3 presents the proposed MMC-STATCOM controller; Section 4 details the simulation of
the controller; Section 5 outlines the results and discussions and Section 6 provides the final conclusions.

2. MMC TOPOLOGIES AND MODELING

The MMC operates as an efficient STATCOM, serving as an interface between power sources and the
power grid [26]-[28]. The MMC significantly enhances overall grid performance by providing the reactive
power requirements of the load [29]. The topology of MMC-STATCOM employed, in this work, is a full
bridge modular multilevel converter formed of 22 modules per phase power converter [20],[30]. This topology
is flexible, because it is capable of controlling the negative-sequence reactive power and consequently enables
circulating current control among the three legs of the Double Star connection. This paper focuses on
minimizing the total harmonic distortion, maintaining capacitor voltage ripple within permissible limits and
minimizing circulating currents. The equivalent circuit of one phase of the MMC is illustrated in Figure 1,
where the currents of the upper and the lower arm (i,, and i;) consist of the following components: i 4., i.; and
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i, which represent DC current, circulating current, and output current, respectively [31][32]. The upper and
lower currents are given by:

, 1, , 1, .1, . 1,
LuzgldC+Lci+Eloandll=§LdC+Lci—Elo (1)

The output current is obtained by [33]:
i, =1y — 1 (2)

Based on the dg-frame, the output currents are controlled, abc to dq transformation is given by:

1=

Where f4,f; are dq components of the voltages or currents, respectively. fg, fp, fc are the three-phase
components of the voltages or currents in abc-frame and 6 is the phase angle. Differences between references
and actual dq current components are considered as current errors (4i, and 4i,). According to the two current
error signals, two adaptive PID current controllers used to generate reference d- and g-axis voltage commands
(vq and vg). The reference dq-voltage commands are transformed into the abc-voltage using the following
matrix [34]:

21 4r
2| cosd  cos(0 ——) cos(0——)
2 3 3 3)
3 2m 4n

—sinf —sin (6 — ?) —sin (6 — ?)

fa
fo|=

fe lcos (Ca 4?”) —sin (8 — 4?T[)J

cosf —sinf
Los CEs 2_71) —sin (6 — 2—7-[)} fa
3 3 [fq] 4)

abc-frame reference voltages are superimposed onto the signals of the arm modulation to control the
operation of the modular multilevel converter. The common-mode current (i), which passes through each leg
of an MMC-STATCOM, is calculated as:
o1 o1 .
i = E(lu +1i) = 3 lac + iy )
From the circuit of Figure 1, the upper and lower arm voltages are given by [35]:

Vic
2

dc

di . v d ,
vy, = —vo—Ld—;‘—nuandvl=T—vO—L—t—n, (6)

Where v, is the output voltage, L and r represent the arm inductance and resistance, respectively. From (5)
and (6), the voltage drops of the arm inductor due to if is found in [26]:

di
2Ld—; + 2rip = Vdc — (v, — 1) (7N
The voltage drops of the arm inductor due to i.; is found in [26]:
dig ) Vie 1 ig
L d:+rlci=7c—z(vu+vl)—r?c (8)

Where (r id?c) the voltage drops due to iy.. The DC current component is controlled via leg voltage control to

reach balance between the input power and output power of the modular multilevel converter. To simplify the

igc
3

expressed as [28]:

analysis, r-= is ignored as their magnitude is negligible, then the simplified circulating current model is

diyz, Vg 1
i =t = s v+ w) 9)

L
2
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The circulating current in the abc-frame appears in the following equation as:

[va] d ia lal
Vp|l=L— ib +7r ib (10)
(2 dt i ic

In the synchronous dg-frame which rotates at angular frequency of 2w,, where w, is the fundamental grid
frequency. The equation will be [29]:

B R R | o R o
q dt llq 2Lw, 0 iq iq

The measured arm currents are processed within the control loop to estimate the actual circulating
currents. These actual currents are converted into dq-frame yielding i; and i, currents. The d-axis and g-axis
reference currents are set to zero. Comparing the actual circulating current with its reference produces the
current error 4i; and 4i,. Here, a controller is employed to generate reference v, and v,that minimize the
current errors. Using the transformation in (4), the reference voltages are transformed from dq-frame into abc-
frame. The three reference voltage signals (v,, v;,, v,) are employed to generate the arm modulation signals
for MMC operation. The controller of the STATCOM is responsible to regulate reactive power. To achieve
this objective, the controller generates gating signals for the MOSFETs. Adjusting the switching pattern
determines whether the STATCOM operates in capacitive mode or inductive mode. The closed-loop control
ensures fast and accurate operation. The following section details the proposed adaptive grey-PID control
strategy that controls the system derived in this section.

00 J—

VderZ

Figure 1. Equivalent circuit of one phase of MMC-STATCOM [26]

3. THE PROPOSED MMC-STATCOM CONTROLLER

Although PI or PID controllers are widely used in MMC-STATCOM systems, the adaptive controller
offers faster response, especially under transient operating conditions. Typically, tuning of adaptive PID
controller relies on the instantaneous measured values [36]. In the suggested technique, the predicted variable
is implemented instead of the measured value. The predictor employed, in this study, is the Grey Model
GM(1,1) which updates the PID gains using only a limited set of previous data. Owing to the simple
mathematical structure of GM(1,1) model, the prediction process can be executed with minimal computational
effort to provide accurate predictions [37]. Despite the additional prediction algorithm, the overall
computational burden remains low, making the proposed method appropriate for real-time MMC-STATCOM
control [37][38]. The concept behind this predictor is based on an operation named the accumulated generating
operation (AGO) on data series to create a sequence. The sequence is then utilized to develop a difference
equation. Least-squares algorithm is used to obtain the coefficients of the difference equation; The difference
equation can then be solved. Based on this solution, one step ahead data is predicted using the Inverse
accumulating generation operation (IAGO). Grey theory presents a family of grey models denoted as
GM(m,N), where m represents the order of the difference equation and N denotes the number of inputs.
GM(1,1) is a 1% order model with one input variable and is the most widely used for prediction issues. This
study employs three GM(1,1) predictors to predict the variations in Vg, I4, and I,. Each predictor is used
directly to modify its associated adaptive PID parameters. This strategy is useful when each variable is
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controlled by a separate PID-controller and when precise control of each channel is desired [37]-[39].
Procedure of developing GM(1,1) model and obtaining its predicted values is outlined below, the symbol I
refers to the I; or I, currents. In the case of voltage V., the symbol can be replaced by V:

1) The sequence of initial information (current values) is established as [40]:

1© = 1©(1),102),,,, 19 ) (12)

The parameter n denotes the size of the data sequence used by the grey prediction model. To sufficiently
capture the system variation, a minimum of 4-points is required. In this study, n is set to 5 as a compromise
between prediction accuracy and computational simplicity. A sliding window strategy is employed to
update the sequence; the most recent one is appended and the oldest data point is eliminated, maintaining
a constant vector dimension. In subsequent sampling time, the sequence (%) is updated as follows: (® =
(1©(2),19(3),,,,1¥(n + 1)) and so on [38].

2) The AGO of the information sequence is formulated as [37][40]:

1M = 460(1") = 1D (1),1D(2),,,, 1Y) (13)
where
(&3 (n) = I(O)(i) (14)
2

The average of two consecutive data is:

DG -1+ 1D
M) = ( ; ( ),Where i=12,..,n (15)

3) The difference equation of grey model is given as follows:

b =190+ alD®) (16)

The equivalent first order differential equation has the follow form:

(€]
O L o (17)

4)  The coefficients of (17) are obtained using the least-square technique as follows [39]:

[ = @B 5w (18)
Mean( ) I (1)
_7@ (0)
where the data matrix B = IMefln 3) 1 and the data vector w = |1 '(2)
_Ilsflle)an (n) 1 1© n)

Solution of (18) at the time (i + 1) will be [39],[41]:
b b
IYGE+1) = [1(0)(1) ——]e"“ +— (19)
a a
5) Predicted current at the time (i + 1) is calculated by applying the inverse AGO as expressed in (20) [42]:
R b .
fi+1) = 106 +1) = [1<°>(1) - —] e=(1 - ¢9) (20)
a
GM(1,1) predicts the next state based on the last 5 values; this approach requires minimal information
and calculation resulting in an estimation with acceptable accuracy. The structure of the controller is comprised

of the steps below:
1) Evaluation of the estimated current error:
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i+ 1) =l — I+ 1) (1)
where I..; is the reference (required) current. The adaptive mechanism is based on the predicted error
rather than the instantaneous error.

2) Determination of the incremental gain updates (4kp, Aki and Akd). The following performance function
is considered [41]:

1
EG(i+1) =E“2(i+1) (22)
The control function of the PID controller can be expressed as [37]:
B ¢ de(t)
u(t) = Kpe(t) + K; | e(t)dt + KDT (23)
0
Discretization of (23) results in the following equation [37]:

u(@) = Kpe, (i +1) + Kie;(i + 1) + Kgeq(i + 1) (24)

ep, €; and e, functions are determined as [38]:

Proportional — error:e,(i+1) = é(i + 1) (25)
Integration — error:e;(i + 1) = é(i + 1) — 2é(i)) + é(i — 1) (26)
Derivative — error:e; (i + 1) = é(i + 1) — é(@) 27)

The adaptation law is developed by applying gradient descent algorithm combined with chain rule to
minimize the performance function E (i + 1). The corresponding update expressions are given as [40]:

oF dF a1 ou

__, 98 __ 0EOl ou 28

By =l g = "M T duak, (28)
oE oE a1 du

o8 __obolou 29

Ak = —H o = ~h 5T Gu ok, 29)
OF oE o1 ou

Aky = - — = —p—— 30

T a1 du ok, 39)

Where p is the learning coefficient (0 < p < 1); larger p accelerates the adaptation process but may
induce oscillations, whereas a smaller p results in a smoother but slower convergence. In this study, p is
selected empirically to achieve a compromise between adaptation speed and closed-loop stability, and its

. . . af . . e
value is kept constant throughout the simulations. é represents the Jacobian describing the sensitivity of

the predicted plant output ( ') with respect to the output of the controller (u). By substituting (21), (22),
and (24) into (28) to (30), the following equations are obtained [37]:

ot
Ak, =ué(i+1)£ep(i+1) (31)

P

ot
Ak; = pé(i +1)5—e;(i+1) (32)
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a1
Akg =ué(i+1)=—eqz(i+1) (33)
Ju
3)  Tuning of the adaptive PID parameters by updating K, K; and Kj:

Kp(updated) = Kp + Akpv Ki(updated) = Ki + Aki:Kd(updated) = Kd + Akd

The Initial values of proportional, integral and derivative coefficients used, in this work, are listed in
Table 1. The proposed algorithm employed for the online adaptation process is presented in Figure 2. This
algorithm is executed in parallel to independently tune the three PID control loops addressed in this study: I,
1, and the DC-link voltage V.. The adaptation process is contingent on the accurate prediction of future values
rather than on the actual, measured values. Consequently, the adaptation mechanism undergoes continuous
adjustment to address gradual or sudden, minor or substantial variations in current or voltage. A conventional
PID controller utilizes the derivative term to anticipate error tendencies; however, derivative term is highly
sensitive to high-frequency noise and might cause control instability. Conversely, the Grey Predictor GM(1,1)
employs the AGO technique, which inherently functions as a low-pass filter by smoothing the data sequence.
Consequently, the adaptive PID updates its gains based on a denoised predicted state, providing a more robust
and proactive response compared to traditional control.

Table 1. Initial values of K, K; and K4
The controller K, Ki K,

DC voltage controller 10 80 0
14 and I, controller 0.8 8 0

Set the initial data sequence
1) [Equation 12]

New measured sample
(= Update the data sequence |+—— ©ln+1)

l

Perform AGO on the data
sequence
[Equatians 13-14]

l

Construct and solve Grey
GM(1,1} differential equation
at time (i+1) [Equations 15-19]

i

Apply inverse AGO to find the
predicted value i(i+1}
[Equation 20]

!

Evaluate the estimated error
&(i+1) «— Iref
[Equation 21]

— 17,1%2) , 1)

Determine the incremental
gain updates
{AKp, Aki and AKd)
[Equations 25-27 and 31-33]

+——— &(i), &(--1), 81V du

Update
Kp, Ki and Kd
{online)

Apply PID controller to
MMC-STATCOM

Send updated
values at each
cantrol cycle

Repeat at each sampling instant

Figure 2. Flowchart of GM(1,1) model and gradient-descent algorithm (the symbol I refers to the I, I, or V()
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4. SIMULATION OF MMC-STATCOM CONTROLLER

To verify the effectiveness of the proposed controller, a MATLAB/Simulink model of the adaptive grey-
PID technique is implemented. Discrete Tustin/Background Euler solver is used with 1.5 X 107> sec. sampling
time. General view of the power network with MMC-STATCOM is shown in Figure 3. This network consists
of a three-phase 12 MVA, 34.5 kV distribution system integrated with an MMC-STATCOM. Each phase
includes a full-bridge multilevel converter structure with 22 power modules per phase, connected through phase
reactance to the grid [3]. Three loads are connected to the network, including an unbalanced load to test the
dynamic and steady-state behavior of the controller under non-ideal conditions. The parameters of studied
power system are tabulated in Table 2. The controllers divided into: High voltage side and Low voltage side
[18]. The high voltage side is shown in Figure 4 and it consists of phase-locked loop, transformation block,
DC voltage regulator, and currents (I4 and I,) regulator.

B Phase A DC Voltage
™ Reactance (Individual Balancing) VDC and Current
E — o e
! [ (Phase Balancing Controller) High Voltage Side
Low Voltage Side
it N vave vava Vabel+— (]
e
wihe wt tabele  [Fak < i |
L Iqref| 4@:“ Ve_mean
ven Ve Al [El <TVeA]

| b
Ve B - Vo B
ull-Bridge MMC (B) e Bp{fle—<ves)
Switching function [ch_u_‘l, ve chtz —
o X < Vo)

Full
s
L8
Ll
nil MV
"2
Full-Bridge MMC (C) grid
Switching function

A af A -E j;R_F’At : @

: — o b c
10-MVA PI Section PI Section 120 kV /34.5-kV 120KV 2500M VA
600V / 34.5-kV  5-km Feeder 3 km Feeder 47 MVA

30-Mw [S5
2-Mvar
Load2

2| 5-MW
£ | 1-Mvar

Unbalanced Load

Figure 3. General view of the power network with MMC-STATCOM\

Table 2. Parameters of the power network [3]

Parameter Value Parameter Value
Power capacity of the STATCOM 12MVA Transformer 1 120 kV/34.5 kV
PCC voltage (RMS) 34.5kV Transformer 2 34.5/0.6 kV
MMC per phase 22 Load 1 5 MW+1 Mvar
DC link voltage 1600 V Load 2 30 MW+ 2Mvar
System frequency 60 Hz Energy stored in the capacitors 30 kJ/MVA
(1) »vabe - .<EV;‘J
Vabe wt 2D
R
al
(3> Ve mean idiq
Ve_mean
- Vem
-
Qref taref
PLL, Measurements _@

and Transformation

Igref
>+ ve
Idref
VDC Regulator m
(grey-PID controller v »{Vdg
vdvg™
[Vom & ofus
Scaling

Current Regulator
(grey-PID controller )

Figure 4. High voltage side controller
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The phase-locked loop (PLL) is a precise estimator of the grid frequency and phase angle, ensuring that
all control components such as the DC voltage regulator and current regulator operate within a synchronous
reference frame aligned in both speed and phase with the grid. This synchronization facilitates decoupled
control of active and reactive power and enhances the overall stability and dynamic performance of the
controller, the PLL is shown in Figure 5. The DC-bus voltage regulator is shown in Figure 6, which employs
an adaptive PID controller, the reference and measured DC voltages (Vcrer, Vyc) are first normalized by the
nominal DC voltage. The normalized values are then compared to generate the voltage error signal [19]. This
error is processed by the controller; the controller output provides the reference direct-axis current Ig,..¢ for the
inner current control loop.

wabc

Labc

1 nae_dcl

A5 nom_dct

Figure 6. DC voltage-based adaptive grey -PID Controller

The current control is shown in Figure 7, I; and I, components are controlled separately by an adaptive
PID control. The d-axis controller regulates I, to track Iy..r, while the g-axis controller ensures accurate
tracking of I to Ig..r. The outputs of the controller generate the voltage commands V and V;, which are then
used to drive the converter, enabling precise regulation of active and reactive power exchange with the grid.
The adaption mechanism of the Grey-PID controller is achieved through the integration of three main modules:
the grey prediction model, a numerical derivative estimation block, and a gradient-descent parameter
adaptation scheme. The input error signal is processed by the adaptive block to continuously adjust the K, K;,
and K, gains of the PID controller. Figure 8 illustrates the detailed structure of the Grey- PID controller.

The numerical dy/du unit computes the discrete-time derivatives of both the control signal (u) and the
system output (y). These derivatives are then used to estimates the sensitivity of system output to changes in
control input, which provides essential information for the gradient-descent adaptation law, Figure 9 illustrates
the numerical dy/du unit. The mathematical model of the grey predictor is developed in m-file included in
function block; Figure 10 illustrates the grey predictor.

The gradient-descent unit calculates the incremental updates, 4K, 4K;, and 4K, the inputs of this unit
are the present error and last two error signals, in addition to the estimated du/dy signal. The incremental
updates are applied in real time to the PID gains, enabling the controller to maintain a fast transient response.
Figure 11 and Figure 12 illustrate the gradient-descent unit and the adaptive PID, respectively. Low voltage
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side controller consists of phase balancing and individual balancing controllers of the DC bus voltage, that
generate the appropriate gating signals for the converter switches [20]. Low voltage side controller is shown in
Figure 13.

Adaptive PID Controller Id

Vdvq_cony

Adaptive PID Controller Iq

Figure 7. I and I; Current controller

gradient-descent PID Controller

Numerical dy/du

Grey (d)

Figure 8. The configuration of adaptive grey-PID Controller

Figure 9. Numerical dy/du unit

Mohammed Moanes Ezzaldean Ali (Design of MMC-STATCOM Controller Using an Adaptive PID
Controller Supported by a Grey Model)



ISSN: 2685-9572 Buletin Ilmiah Sarjana Teknik Elektro 321
Vol. 8, No. 1, February 2026, pp. 311-330

eGH&E

Figure 10. Grey predictor

H

dy/du

ek

l L
ekl ; ; ,
GER;

ek2

Figure 11. gradient-descent model

Figure 12. The adaptive PID Controller
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Low-Level Control System
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Figure 13. Low voltage side controller

5. RESULT AND DISCUSSIONS

Initially, the reactive power command Q.. of the MMC-STATCOM is set at =7 MVAr, at which the
STATCOM operates in the inductive mode. At time instant 0.2 s, Q,.. is stepped to +20 MVAr, in this case
MMC-STATCOM will operate in capacitive mode. The performance of the STATCOM is evaluated under
two operating scenarios: balanced-load and unbalanced-load conditions.

5.1. Balanced Load Condition

The dynamic behavior of the capacitor voltages for selected sub-modules in phase Ais illustrated in Figure
14. It can be observed that effective voltage balancing during transient operating conditions is maintained with
minimal deviation. Figure 15 illustrates that the DC-link voltages return to their steady-state values within a
short period after the change occurring at 0.2 s. According to Figure 15(b), the DC-link voltage exhibits a
maximum overshoot of approximately 1.25% and settles time is within 0.04 s. Moreover, the steady-state error
is negligible, confirming the effectiveness of the proposed control strategy in maintaining DC-link voltage
stability which effectively minimizes the circulating current.

THD of the grid current using a conventional PI controller is 19.47% as shown in Figure 16, which was
then corresponding to an approximate reduction of 43.75% to 10.95% by utilizing the Grey-PID controller as
shown in Figure 17. Grid side voltage and current are illustrated in Figure 18. When the reference reactive
power set-point is altered at 0.2s, the grid current shifts from lagging to leading with respect to the grid voltage.
The controller of the STATCOM provides a fast response by adjusting the converter terminal voltage to supply
reactive power in capacitive mode. The current and voltage of the load are represented in Figure 19.
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The active and reactive power of the MMC-STATCOM is shown in Figure 20. About-zero active power
exchange is obvious, as the primary control objective is to regulate the grid voltage by injecting or absorbing
reactive power and the required active power input from the grid is limited to cover the internal losses.
Moreover, Figure 20 indicates that the reactive power exhibits a rapid dynamic response within about 0.04s
settling time.
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Figure 14. Response of phase-A capacitor voltages (sub-module 1, 7, 13 and 20) during transient condition
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Figure 16. THD analysis of the grid current using PI controller
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5.2. Unbalanced Load Condition

In this scenario, a severe unbalanced condition was created by adding an approximately 25% inductive
load to phase A. The unbalance voltage and current at load side are illustrated in Figure 21. The unbalance
voltage and current at grid side without MMC-STATCOM are displayed in Figure 22. The effectiveness of the
grey-PID controller is demonstrated as it successfully restores the balance to the grid voltage and current. This
regulation entailed a rise in the grid current, driven by the injection of the necessary reactive current component
as shown in Figure 23.

C STATCOM

g

Figure 22. Grid voltage and grid current with unbalanced load condition (without STATCOM)
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Figure 23. Grid voltage and grid current with unbalanced load condition (with STATCOM)

The DC-link voltage of the MMC under unbalanced load condition is shown in Figure 24, the proposed
control system maintained the DC voltage at constant level without fluctuations. it is clearly noted that the DC
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voltages return to the steady-state rapidly after the instant 0.2 s. This could only be achieved by increasing the
grid current due to an increase in reactive current. The THD of grid current using PI controller is 20.79% as
shown in Figure 25, while the THD is reduced by 33.42% to be 13.84% with Grey-PID as shown in the Figure
26. Table 3 presents a comparative analysis between the performance of the proposed controller in this paper
and other existing techniques reported in the literature. From Table 3, it is evident that the proposed controller
achieves favorable results compared to most existing techniques.
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Figure 24. The DC-link voltage of MMC with an unbalanced load condition
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Figure 25. The THD of grid current with an unbalanced load using PI controller
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Figure 26. THD of grid current at unbalance load using grey-PID controller
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Table 3. Comparative analysis of related works

Reference ?;T:g?;:f Evaluation focus Key comparative outcome
2 . those methods exhibit large DC-link overshoot (7.27-7.72 %) with settling
[43] h/II)II’_éA;l((:i, 2P[§ O_F ove]?sch_olgil;n d times of 0.16-0.17s, whe_reas the proposed Grey-_PID achi_eves 1.2'5%
PLMPC settling time overshoot and faster settling (0.04 s), demonstrating superior transient
regulation.
Review of Adaptability to The review concludes that fixed-gain controllers fail under transient
[44] STATCOM Gri dpD namics conditions; Grey-PID addresses this gap by offering real time adaptation
Controls y with low computational complexity.
[45] FFSMC D- Control Fixed-frequency sliding mode control introduces significant chattering,
STATCOM smoothness while the Grey-PID ensures smooth control action.
Cuittlefish- DC-link voltage This controller exhibits DC-link overshoot of 2.85% after load variation,
[46] Optimized PI overshoot whereas proposed controller maintains low overshoot=1.25%, indicating
enhanced transient stability.
. . In this approach, the system settles in about 0.05 s, while Grey-PID
[47] Adggi?c%sﬁc_ Res];:))gr?:emsl;ee d achieves a superior settling time of 0.04 s, demonstrating faster transient
recovery.
Fuzzy-Pl is evaluated under fault conditions without presenting DC-link
48] Fuzzy Logic-PI DC-link transient transient behavior. In contrast, the proposed controller explicitly ensures
based STATCOM behavior stable DC-link voltage and rapid dynamic response under balanced and
unbalanced operating conditions.
APSO-Optimized Dynamic Performance is evaluated indirectly via IAE convergence without explicit
[49] PI regulation and DC-link transient results, while Grey-PID directly demonstrates near-zero
stability overshoot, faster settling, and improved current quality.
Fractional-Order This method achieved a settling time of 0.2 s. However, the proposed
[50] PI - based Settling time approach achieves a superior settling time, ensuring rapid system
STATCOM restoration
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6. CONCLUSIONS

This paper proposed a new adaptive PID controller supported by a grey prediction model for MMC-based
STATCOM systems. The core contribution lies in the integration of the grey model, which predicts error
values, enabling the on-line updated PID controller to achieve rapid dynamic system response and low grid
current harmonic distortion compared to the conventional PI controller. The eligibility of the proposed
controller was validated through comprehensive simulation tests on a 12 MVA, 34.5 kV distribution system
featuring a full-bridge MMC topology. Under balanced load condition, the adaptive grey-PID controller
demonstrated a significant superior performance over the conventional PI controller, and the THD of grid
current was reduced from 19.47% to 10.95%, corresponding to a reduction of about 43.75%. When the system
is subjected to an unbalanced load, the suggested controller successfully restored balance in the grid voltage
and current. Moreover, reduced the THD of the grid current from 20.79% to 13.84%, representing a reduction
of about 33.42%. The lower THD reduction observed under unbalanced load is mainly attributed to the
presence of negative-sequence current components and increased current stress caused by load asymmetry,
which inherently limits harmonic mitigation performance. Crucially, the controller maintained a stable and
constant DC-link voltage under both balanced and unbalanced load conditions, which effectively enhances the
overall stability and the performance of the MMC. In conclusion, the prediction and adaptation capabilities of
the proposed control strategy considerably enhance the dynamic and steady-state performance of the MMC-
STATCOM system. For future work, the proposed controller could be tested experimentally using a hardware
setup like FPGA board to confirm the simulation results and evaluate its performance in real-time applications.
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