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Abstract- This article introduces an improved regulation strategy for DC wind power systems linked to an imbalanced bipolar
DC micro-grid. The study focuses on two distinct wind systems, each one connected to a separate terminal of the bipolar DC
micro-grid and tested with varying wind speed profiles. The investigated wind systems are based on doubly fed induction
generators with two voltage source converters: a rotor-side converter and a stator-side converter. The first one converter ensures
the Maximum Power Point Tracking, while the second converter maintains balanced three-phase voltages on the stator side.
Both converters employ predictive control algorithms. Simulations conducted using PSIM software prove the efficacy of the
suggested control strategy in mitigating the impact of bipolar DC micro-grid imbalances on DC wind turbine efficiency. The
system demonstrates performance even under challenging conditions, with DC bus variations reaching up to 50 %. To verify the
system’s precision and rapid dynamic response, the suggested control is compared with conventional resonant control through
real-time simulations. A comparative analysis of the results demonstrates the superior suggested control efficiency for the studied
system.

Keywords Bipolar DC micro-grid, doubly fed induction generator, wind power generation, voltage imbalance, predictive
control, real-time validation.

1. Introduction

Recently, the electric power transmission network has
undergone significant changes and high-voltage direct current
(HVDC) transmission has attracted notice due to its
effectiveness in delivering power over long distances.
However, the generation of harmonics in converters
necessitates the incorporation of both AC and DC filters,
thereby leading to an increase in the cost [1-4]. Therefore,
Medium Voltage Direct Current (MVDC) grids have garnered
worldwide attention as a promising technology for enhancing

and modernizing power distribution systems, aiming to
achieve heightened reliability, flexibility, and efficiency. Such
system provides reduced power losses and cables of a more
compact size, all while maintaining a higher power capacity
[5-8].

With the growing trend towards MVDC, there is a rising
interest in the expansion of DC wind turbines today. When
several researchers are interested in studying different
configurations of wind farms for various purposes and under
diverse conditions [9-12], others are attracted by control
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strategies for DC wind Farms. In [13], the authors suggest a
solution featuring electrical isolation and self-starting
capabilities. The paper presents designed topologies for a DC
wind turbine, a medium-voltage DC/DC converter, and a
high-voltage DC/DC  converter, along with their
corresponding steady-state control strategies. The authors of
[14] present a topology for an MMC-DC/DC converter for an
offshore DC wind Power system, accompanied by the
development of its comprehensive control strategy. A current-
limiting approach, which involves adjusting the bridge arm
voltage reference value and integrates both inner-loop and
outer-loop control mechanisms is given in [15]. In [16],
researchers introduce a topological layout of a parallel all-DC
wind power system featuring a turbine-side boost, grounded
on a novel DC conversion method.

Ensuring DC-link stability represents one of the current
challenges faced by researchers and several works treat fault
tolerant control to stabilize the DC-link voltage [17-23]. The
authors of [17], for example, introduce a control strategy
utilizing the Lyapunov function, ensuring global asymptotic
stability, is applied to the bidirectional converter managing the
battery and supercapacitor. This method aims to maintain a
constant DC link voltage even under varying conditions like
solar and wind oscillations and changes in the load.

This paper focuses on wind turbine control within a
Bipolar Direct Current Micro-Grid (BDCMG), utilizing a
doubly fed induction generator (DFIG). The adopted
configuration, characterized by three DC lines, demonstrates
a superior level of reliability and effectiveness compared to
unipolar micro-grids [24-26]. Although, the imbalance of
BDCMG connections is a genuine trouble caused by
operational variations of devices connected to distinct
terminals. [27-29].

The proposed enhanced approach ensures MPPT
regardless of the Bipolar Direct Current Micro-Grid state. The
regulatory algorithm leverages a Dead-Beat predictive
strategy, ensuring superior performance during transients by
placing system poles at zero, thereby enhancing response
speed and accuracy. This requires a brief sampling interval for
precise control, ensuring minimal error, swift changes, and
rapid system response. Advances in microprocessor
technology have overcome the challenge of high computation
requirements.

The key objective of this paper is to design an effective
DC wind system control in the case of an imbalanced bipolar
DC micro-grid, emphasizing fast response and accuracy. The
paper is structured as follows: an outline of DFIG DC wind
structures is provided in section 2, followed by system
modeling in section 3. Rotor and stator side converter
regulations are investigated in sections 4 and 5, and section 6
presents simulation results and their discussion. Finally, real-
time validation results are presented to validate the proposed
control in section 7.

2. DC Based DFIG Wind Turbines Configurations
Three primary configurations of DFIG-based DC wind

systems are illustrated in Fig. 1. The first option, explored in
[30], involves incorporating an AC/DC converter to connect

between the DC micro-grid and the conventional DFIG wind
system as presented in Fig. 1.a. The rotor side power converter
control is comparable to the case of AC grid-connected wind
system. However, this topology encounters challenges due to
the significant quantity of power converters involved, leading
to associated complexities.

References [31] and [32] suggested a second
configuration that centers around a DFIG with both rotor and
stator linked to the DC bus through a voltage-source inverter
(VS]) and a rectifier diode, respectively, as presented in Fig.
1.b. The rotor side converter control assumes the stator
frequency. Nonetheless, this structure results in a rise in the
stator current total harmonic distortion.

In [33], the authors propose a multiple reference frame
method to mitigate torque ripples, based on the topology
illustrated in Fig. 1.5.

A third option involves interfacing the DC link with the
DFIG using two VSI, as depicted in Fig. 1.c. One converter
resides on the stator side, while the other is positioned on the
rotor side. Utilizing a VSI on the stator side enables precise
control of stator frequency and voltage, ensuring enhanced
operational stability of the wind system [34-35]. Power
generation regulation is achieved through rotor control on the
converter side.

DC bus

®) J$

AC

DC

Fig. 1. Different DC wind turbines configurations with
DFIG.

The configuration depicted in Fig. 1.c has previously been
utilized in DFIG-based wind systems linked to the AC grid
[36]. Notably, this topology offers improved power
distribution between the stator and the rotor in such cases.
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Interconnecting multiple wind turbine units is a crucial
aspect, with parallel or series connections being common in
DC networks. Fig. 2 illustrates the potential combinations.

In this study, the configuration illustrated in Fig .1.c,
which includes two voltage source inverters, is adopted. This
selection offers increased flexibility while minimizing the
required quantity of power converters.

DC wind system

DC wind system -

(@

DC wind system

DC wind system

¥ F 4 F

®)

Fig. 2. DC micro-grid connecting wind turbines
configurations () in parallel, () in series.

3. Modeling of DC Wind Systems with DFIG

The depicted system is shown in Fig.3, wherein two DC-
connected DFIG wind systems, sharing similar
configurations, are connected to distinct terminals of the
BDCMG. Each system is linked to DC bus through two power
converters: the Stator Side Converter (SsC) facilitates
communication of the DC bus with the stator, while the Rotor
Side Converter (RsC) connects the rotor to the DC bus.

A DFIG dynamic model is introduced in equation (1),
where Vs representing stator voltage and V. representing rotor
voltage [37-41].

Vo= jo.p + =25+ R

h (1)

ST 4R
dt

Z = ] a)r(;}: + ror

where is the space vector complex component. The
inductances L., Ly, L, are, respectively, mutual, stator and
rotor cyclic inductances and R, and R, are stator and rotor
resistances. Equation (2) gives the fluxes of the rotor and
stator.

{E =L.i+Li

0, =Ly, +Li,

2

Fig.4 details the methodology followed throughout the
paper to develop and validate the proposed configuration and
control.
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Fig. 3. Incorporation of bipolar DC micro-grid with two
DFIG systems

Design the predictive control algorithms for both the
rotor-side and stator-side converters
|

[ Define the control logic for MPPT and voltage batancing

=
.
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( Comparison with conventional resonant control

[ Simulations using PSIM

( Real-time validation using OPALRT

Fig. 4. Methodology overview for validation of proposed
configuration and control.

4. RsC Regulation

The regulation of the RsC, depicted in Fig. 5, relies on a
predictive algorithm for rapid dynamic responses. The stator
flux vector is synchronized with dg reference frame, leading
to a null g-component of the stator flux vector and allowing
for autonomous regulation of stator reactive and active
powers. The angular frequency of the stator angle is
determined based on a Second Order Generalized Integrator
Phase-Locked Loop (SOGIPLL). Equation (3) outlines the
predictive controller’s references for the predictive controller
employed in both wind turbines. The prediction criterion is
formulated in (4).

. LS Vs gos d
lrﬁdﬁrefWT = Lm—Vsq(‘Z—_eref]

; * 3)
iriqirefWT = _l/m—I/iJIPS7rEf
Lo gli+ =0, 4 epwrli] 4)
iriq [l + 1] = iriqire/'WT [l]
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Equation (5) defines the rotor voltage dgq components,
while the rotor voltage discrete equations are provided by (6).

i
I/;*701 = O-Lr s + Rririd - wr(oriq
. ®)
i
Vriq = O-Lr —~ + Rririq + a)rgprid
Where o is the leakage coefficient.
L . .
V., Jdkl=o—=i, J[k+1]+Ri, ,[k]-w.0, [k]
) s ) ) 6

L. . .
v,, =o T; i, JJk+1]+Ri, [k]+ o0, K]

The reference of the stator power is delivered using the
Maximum Power Point Tracking (MPPT) algorithm based on
the operational zone [32]. Its overall expression is outlined in
equation (7).

1 503 max
Ps7r3f :EﬂpR Qxhaft ;3

opt

(M

where Qgai, Cpmax, R, Ao, and p are shaft speed,

5. SsC Regulation

The regulation system of the SsC guarantees the
regulation of alternative voltage with stable frequency and
appropriate magnitude on the stator side of the DFIG, even
amidst DC bus imbalances (Fig. 6).

Predictive control is employed for regulating the LCL
filter capacitor voltages, as illustrated in Fig. 6. The prediction
criterion is defined by equations (8).

I/cidq[i +1]= I/Cidqiref[l.] (3)

The terms V.4 and Ve gq ror refer to the LCL filter
capacitor voltage and their references on the dg reference
frame. Equation (9) illustrates the currents in the filter.

iS = iC + iSS(?
)

i =cdVe

dt

Where i is the stator current, i is the SsC current, i. is
the capacitor current and C is the capacitance value. Equation
(10) presents the SsC voltage.

. . . . . di
maximum power coefficient, the, turbine rotor radius, optimal V., =-L—3<+V, (10)
tip speed ratio and the air density, respectively. dt
La
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Fig. 5. RsC control.
L; denotes the filter inductance.
Wind Turbine
Expression (11) is derived from the previous equations.
SsC
di av. J
sse _Ll . +L1C ZC + I/L (1 1) TV.m
dt dt

Fig. 6. Configuration of the LCL filter.

342



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

_~ M. Ghodbane-Cherif et al., Vol.16, No.2, June, 2026

With the provided expression for the voltage across
inductance L, in equation (12), we can infer the updated
expression for V¢ as given in equation (13).

e (r) 12

dt L,

Ve =- V +LCd Ve 14k 4 (13)
L' dr’ L,

In summary, equation (14) presents the derived
expression for the differential voltage across the filter
capacitor.

2
AV Lly [1shly Ly (14)
a  LC| ® L)L

The differential equations for the filter capacitor voltage
are subsequently provided in equation (15).

d., 1 L
27 = Vssc d— 1+ V + VS d+a)sCVc q
i LC L2 L, - -

awv L L
o Ly ity by —ecr,
arLel e L) e -

Here, Vi sand V; ,denote the stator voltage terminals dg
components, while Vsic d and Vs g represent the SsC
terminals dg components.

(15)

The predictive control algorithm proposed aims to
synchronize the output voltage of the SsC at the (i+2)”
sampling period with the (/)" sampling period reference
values, reducing the discrepancy between the predicted
voltage components and their references as outlined in
equation (16).

Ve agli+21=V, 4 i+ 1=V, 4y ,oli] (16)

The voltage components can be represented according to
equation (17).
Vo li+2=a(cV, ,li1-bV, li1+V,, ,lil*eCV, [)  (7)

T represents the sampling period, and the constants a, b
and c are expressed as follows.

2
azr" , b=l+£, c:ﬁ (18)
LC L, L,

6. Analysis and Discussion of the Results

The research aim is to address the BDCMG imbalance
adverse effects on the operational effectiveness of DC wind
turbines. Simulation assessments are performed utilizing
PSIM software, simulating a setup consisting of two wind
turbines as illustrated in Fig. 3. The BDCMG is represented as
an imbalanced micro-grid with varying loads linked to its

terminals. Detailed specifications of the equipment can be
found in Table 2 of the Appendix.

Fig. 7 illustrates the DC voltages at both terminals, Vdcl
and Vdc2, of the BDCMG. Expressed in per unit, the values
highlight the extent of bus fluctuation. This study noted
fluctuations in the DC bus of up to 50% under severe
conditions.

Fig. 8 depicts the active power references for the wind
systems provided by the MPPT modules of both turbines.
Once the wind speed surpasses a predetermined threshold, it's
noteworthy that the MPPT algorithm maintains a constant
power output.

Vde1 (PU)  Vdc2 (PU)
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Fig. 7. DC micro-grid terminal voltages (p.u.).
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Fig. 8. Power references of both wind systems.
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Fig.9. Both wind turbines three-phase stator voltage.

The wind systems' behaviors are examined within
specified parameters. In Fig. 9, the two wind systems stator
voltage are illustrated. The suggested control of the SsC
ensures balanced voltage levels even in the presence of DC
bus fluctuations. Stator currents are portrayed in Fig. 10,
further magnified in Fig. 11, with fluctuations primarily
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attributed to changes in wind speed rather than instability in
the DC bus. The consistent 50Hz frequency of the stator
current supports this observation. FFT analysis of the stator
current for both turbines is presented in Fig. 12.

Fig. 13 showcases the two wind turbines rotor current,
while Fig. 14 displays the FFT of rotor current. The findings
depicted in Fig. 15 affirm that despite different BDCMG
terminal conditions and varying wind speeds, both wind
systems adeptly follow power references in the presence of an
imbalanced DC bus.

TasWT1 ()

bsWTH (&) lesWT1 (4)

15K
1K
o5k il
ok il
05K (i

AK
45K

sWT2(A)  TbsWT2(A)  IosWT2 (A)

Time (s)

Fig. 10. Both wind turbines three-phase stator current.
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Fig. 11. Zoom of both wind turbines three-phase stator
current.
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Fig. 12. Both wind turbines stator current FFT.
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Fig. 14. both wind turbines rotor current FFT.
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Fig. 15. Two wind turbines connected to a bipolar DC micro-
grid supply stator power.

7. Real-Time Validation

The real-time validation goal is to verify the efficacy of
the proposed control, applied to DC wind turbines linked to
variable BDCMG, compared to conventional control.

Tests are based on a Software-the-loop platform. The
model is implemented on an FPGA chip, using the RT-LAB
real-time validation platform of Opal-RT 4510 with Simscape
Blocksets. Simscape provides VHDL code for implementation
on the Opal-RT FPGA. This enables rapid real-time model
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computation on the target system while reducing scheduling
overhead to under a microsecond.

The studied scheme is constituted by two identical wind
systems, linked to various BDCMG terminals. Proposed
control is applied to the first wind system and conventional
control, based on PI controllers for RsC and Resonant
Controllers (RC) for SsC, is used for the second wind system.
DFIG and bipolar DC bus parameters can be found in Table 3
of the Appendix. For this test, an increase in the torque value
from 15 N.m to 20 N.m is considered.

Fig. 16, Fig. 17 and Fig. 18 show the stator three-phase
voltages and stator three-phase currents for both wind
systems, respectively. Fig. 19 and Fig. 20 present the rotor
three-phase currents and the dg rotor current components for
both wind systems, respectively. Exposed results demonstrate
that first wind system presents less harmonic distortion than
second one.

200Vv/div

Sa: 10.0K5/s Depth: 7.6K Msnms
Save Save Save
Image WaveForm Settings.

Fig. 16. Wind system number 1 stator three-phase voltage.

Sa: 10.0K5/s Depth: 7.6K M:50ms

Save Save Save
Image WaveForm Settings

Fig. 17. Stator voltages of wind system number 2.

Numerical results are exposed in Table 4. Ripples of q
rotor current component are significantly reduced with
proposed control compared to PI control. The amount is
decreased from 20% to 2%. In addition, the torque ripples
presented in Fig. 21 are reduced from 30% to 8%. The total
harmonic distortion (THD) analysis of stator current is

reduced from 10.26% with resonant control to 4.77% with
proposed control.
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Fig. 18. Stator currents of both wind systems.
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Fig. 19. Rotor currents of both wind systems.
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Fig. 20. dg rotor current component (i,4, ir¢) of both wind
systems.
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Fig. 22 exposes Rotor current of both wind systems when
wind systems pass from hypo-synchronous mode to hyper-
synchronous mode. The second wind system that operates
with conventional control presents a delay of 1s compared to
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the first wind system. This validates the fast response and
accuracy of the proposed control.

T
4 Tarque ripples (%) WT1

Time {s)
Fig. 21. Torque ripples in percent of both wind systems.
Table 1 provides a comparative analysis between the proposed
method and the wunipolar DC micro-grid (DCMG)

configuration in terms of mitigation of voltage imbalance and
ripples.

Table 1. Comparison of proposed method with unipolar
DCMG

Mitigation of
Voltage
Imbalance

Parameter Ripple Percentage

Significant reduction
achieved, with Q rotor
current component

High effectiveness,
with fluctuations

Proposed up to 50% reduced from 20% to 2%,
Method . .
mitigated under and torque ripples
severe conditions decreased from 30% to
8%
Limited mitigation Higher ripple
Unipolar capability, with percentages observed,
DCMG fluctuations often indicating less effective

exceeding 50% control

Based on comparative analysis, our proposed method
demonstrates superior efficiency in mitigating voltage
imbalance and reducing ripple percentages compared to a
unipolar DCMG configuration. Furthermore, the results align
with the requirements outlined in the IEEE-1547-2018
standards, affirming the efficacy and compliance of our
approach.

8. Conclusion

The paper introduces a control strategy for a wind turbine
linked to a bipolar DC micro-grid. To ensure robust operation
against DC bus fluctuations, the investigated regulation is
based on predictive algorithm. Two inverters are installed in
the studied system. The stator side converter is managed to
maintain a stable stator voltage, while the rotor side converter
is regulated for the MPPT. Simulation results are presented to
illustrate the effectiveness of the proposed control. The system
demonstrates performance even under challenging conditions,
with DC bus variations reaching up to fifty percent. These
results highlight the robustness of the control strategy in
managing significant variations. Both proposed and
conventional control strategies are implemented in a Software
in the Loop (SIL) environment. A comparative analysis of the

results demonstrates the superior suggested control efficiency
for the studied system.

9. Future Work

Future research could explore deeper into exploring the
adaptability and scalability of the proposed control strategy,
potentially extending its application to larger-scale renewable
energy systems and diverse environmental conditions.

5 A/div

11-
r 3

HE Ma:11.00v
Sa: 1.00KS/s Depth: 7.6K M:500ms.

Fig. 22. Rotor current of both wind systems when transition
from hypo-synchronous mode to hyper-synchronous mode.
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APPENDIX

Table 2. BDCMG parameters for simulation

Wind system | Symbol Designation Value
Proaar Load rated power (kW) 720

Vbl DC-bus Voltage (V) 1200

1 Vewn Rated rotor voltage (V) 2070
Vswn Rated stator voltage (V) 690

Pwn Rated power (kW) 2000
Proaat Load rated power (kW) 288

Vbea DC-bus Voltage (V) 1200

2 Vewn Rated rotor voltage (V) 2070
Viwr Rated stator voltage (V) 690

Py Rated power (kW) 2000

Table 3. BDCMG parameters for PHIL experiment validation

Wind system | Symbol Designation Value
Vb DC-bus Voltage (V) 450
| Vewn Rated rotor voltage (V) 307
Vswn Rated stator voltage (V) 400
Pyni Rated power (kW) 3,730
Vbea DC-bus Voltage (V) 450
) Viwr Rated rotor voltage (V) 307
Viwr Rated stator voltage (V) 400
Pyn Rated power (kW) 3,730

Table 4. Analysis of system response with different control

Wind Ripples Ripples
system Converter] Control [Value (%) Value (%)
1 Predictive 2% 8%
RsC » T e
2 S PI 0% [T 30%
Wind Converter| Control [Value THD
system
1 SsC Predictive . 4.77%
2 RC ts 10,26%
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