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Abstract—With the increasing integration of motors and power
electronic converters into the electric power system (EPS) of the
more electric aircraft (MEA), the proportion of constant power
load (CPL) continues to rise. This poses significant challenges to the
stability of onboard EPS. In this article, an active damping control
strategy is proposed for the high-voltage dc power supply system
utilizing a wound rotor synchronous generator. First, the output
impedance of the system is derived using small-signal modeling.
Based on the impedance criterion, the impacts of CPL power and
control parameters on system stability are analyzed. Subsequently,
the effects of various active damping positions and configurations
are analyzed and compared, with the virtual resistance-capacitance
series ultimately selected as the optimal active damping scheme. Fi-
nally, the implementation of the active damping control strategy is
derived and refined. Experimental results confirm the effectiveness
of the proposed method in enhancing system stability.

Index Terms—Active damping control strategy, constant power
load (CPL), impedance model, more electric aircraft (MEA),
stability, wound rotor synchronous generator (WRSG).

I. INTRODUCTION

THE rapid growth of the aviation industry has raised increas-
ing concerns over its pollutant emissions. In response, the

concept of the more electric aircraft (MEA) was introduced,
which integrates secondary energy sources such as hydraulic,
pneumatic, and mechanical energy into electrical energy [1],
[2], [3]. This unification simplifies the aircraft’s energy system
structure and enhances both fuel efficiency and overall economic
performance. Additionally, it reduces the emissions and noise,
and represents the future direction of aviation development [3],
[4], [5].

Among electric power supply systems for aircraft electrical
power system (EPS), the high-voltage dc (HVDC) system is
preferred over the alternating current (ac) system due to its
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Fig. 1. Typical EPS architecture of a MEA.

advantages in size, weight, operational efficiency, reliability, and
load compatibility [5], [6], [7]. Additionally, the HVDC system
is more easily integrated with energy storage devices, thereby
enhancing the power quality of EPS [6].

Compared to traditional aircraft, the use of electric motors
and power electronic converters in MEA has significantly in-
creased [8], [9]. Fig. 1 illustrates a typical EPS architecture
for a MEA, including the electro-mechanical actuator (EMA),
electric environment control system, E-taxiing devices, and
other components. Each component operates using either a speed
closed-loop or position closed-loop control strategy, and can be
classified as the constant power load (CPL) [10]. The negative
impedance characteristic at the CPL input port can cause the
system to deviate from its normal operating point, potentially
leading to instability or even system failure. Therefore, ensuring
the stability of the HVDC system is a critical consideration for
MEA.

HVDC systems are typically regarded as cascaded systems.
Therefore, the impedance models of the source and load sub-
systems in the EPS are commonly developed using small-signal
analysis [11], [12], [13], [14], [15], [16]. This allows for system
stability analysis through impedance criteria, which examine the
interaction between the source output impedance and the load
input impedance.

In [12], a small-signal model of a wound rotor synchronous
generator (WRSG) based HVDC system is developed, and the
effects of control bandwidth and filter capacitor size on the
output impedance are analyzed. However, only the system under
single-voltage loop control is modeled, and the effect of CPL on
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the system is not considered. The impedance model of a per-
manent magnet synchronous generator (PMSG) based HVDC
system is derived in [11], where the impact of CPL on system
stability is analyzed [13]. This work is further extended to a
multisource parallel system, where the influence of the number
of parallel generators, load-sharing ratio, and droop control
coefficient on system stability is evaluated [14], [15], [16].

Based on stability analysis, system stability can be improved
by reshaping the impedance of either the source or load sub-
system. Methods for doing so are classified into active damping
and passive damping. Passive damping involves adding damp-
ing components or devices to the system, which increases its
size and weight. Active damping is generally preferred, as it
enhances stability by injecting linear or nonlinear compensation
signals into the control strategy, thus avoiding the need to add
components.

Specifically, active damping methods can be broadly clas-
sified into two categories: 1) source-side compensation and
2) load-side compensation [17], [18], [19]. While load-side
active damping schemes can enhance system stability, they may
adversely affect the load’s operational performance [17]. More-
over, in systems with multiple CPL, the integrated impedance
characteristics of all CPL must be comprehensively analyzed,
complicating the parametric design process.

In contrast, source-side compensation is widely preferred due
to its superior scalability, flexibility, and design simplicity, and
has been widely studied in the fields of renewable energy, data
centers, electric vehicles, and rail transportation [19]. In [20], an
active damping strategy based on virtual resistance in series is
proposed to solve the interaction stability problem between LC
input filters and CPL in dc microgrids. And the virtual resistor is
designed to be effective around the resonant frequency of the LC
filter, thus reducing its output impedance. Based on this, a virtual
inductance is connected in parallel to the virtual resistance to
form an RL branch in [21], which solves the issue of poor voltage
regulation caused by a single virtual resistance.

Parallel virtual impedance is also an effective approach. In
[22], an optimized parallel virtual resistance based active damp-
ing control strategy is proposed for dc microgrid, the resistance
value to enable stable operation in the whole power range is
given. A virtual R-C connected in parallel with the bus capacitor
is proposed in [17] and [18], and the effect of control strategies
on dynamic performance is analyzed.

For the HVDC EPS in MEA, a voltage sag pass-through
control and point of load control method in [13] are proposed
to reduce the output impedance of the source subsystem and
enhance system stability. A load current compensation method
is introduced in [23], with its effectiveness analyzed at different
locations, such as the voltage loop and current loop. Experi-
mental results verify the method’s effectiveness. However, these
methods primarily target PMSG-based HVDC systems.

As the most widely utilized generator type in aircraft EPS,
the existing literature mainly focuses on enhancing the dynamic
performance of WRSG. In [24], load current and WRSG speed
are incorporated as feedforward compensation into the con-
ventional dual closed-loop control of voltage and field current,
forming a multiloop proportional integral (PI) control strategy to

improve dynamic response. In [25], fuzzy PI control is employed
to enhance the dynamic performance of WRSGs under a wide
speed range. Furthermore, advanced control strategies, such as
dual internal model control [26], backstepping control [27],
and robust control [28], have been progressively integrated into
WRSG control frameworks. Nevertheless, research on stability
enhancement under CPL operation remains relatively scarce.

For dc–dc converters or PMSG, the dual closed-loop control
inherently includes terms related to the output current (dq-axis
current or inductor current). Consequently, it is sufficient to feed-
forward the product of the load current and virtual impedance
or the output voltage and virtual conductance into the control
loop. However, in the case of the WRSG, only the field current
is correlated in the closed-loop control, thereby introducing
a challenge to the design and implementation of the active
damping strategies. In addition, the WRSG exhibits pronounced
nonlinearity, making it essential to ensure the stability of CPL
operation under full-load conditions. Therefore, this article pro-
poses an active damping control strategy to enhance the stability
of an HVDC power supply system based on a single WRSG. The
main contributions of the article can be highlighted as follows.

1) A detailed small-signal impedance model under double-
closed-loop control is derived, based on the characteristics
of the WRSG. The impact of CPL on system stability is
thoroughly analyzed, and the limitations of conventional
PI control are discussed.

2) The effects of virtual impedance location and configura-
tion on stability enhancement are systematically investi-
gated. Both transient and steady-state effects are analyzed,
leading to the proposal of an active damping control
strategy utilizing a virtual resistor-capacitor series con-
figuration.

3) Based on the closed-loop control of the WRSG, the rela-
tionship between the output current and the field current is
derived and extended to full-load conditions, accounting
for the strong nonlinearity of the WRSG. Furthermore,
the stability boundaries of the system are summarized,
and parameter selection methods are provided.

The rest of this article is organized as follows. Section II
presents the impedance modeling of the WRSG. The transfer
function of the output impedance is derived and parameter-
ized. In Section III, stability is analyzed and the limitations of
conventional PI control are discussed. Then an active damping
control strategy for the WRSG is proposed. The positions and
configurations of the active damping are analyzed, the active
damping function is derived and simplified in combination with
the actual control, and a parameter design method is also given.
To verify the effectiveness of the proposed control strategy,
experimental verification is presented in Section IV. Finally,
Section V concludes this article.

II. IMPEDANCE MODELING OF THE WRSG-BASED HVDC
POWER SUPPLY SYSTEM

In this section, a single-channel WRSG-based HVDC power
supply system is analyzed and its structural diagram is shown in
Fig. 1.
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Fig. 2. Structure diagram of a WRSG.

A structural diagram of a WRSG is shown in Fig. 2. The
WRSG consists of a permanent magnet generator (PMG), a main
exciter (ME), a rotating rectifier (RR), and a main generator
(MG) [29]. All three machines, along with the RR, are mounted
coaxially, and the stator is installed within the same casing. The
WRSG achieves brushless operation through a two-stage field
excitation scheme. The PMG and the asymmetrical half-bridge
rectifier provide an independent dc field voltage vef for the ME.
The brushless field system, which includes the ME and RR,
supplies the dc field voltage vf to the MG.

A. Small-Signal Impedance Modeling for WRSG

For the small-signal impedance modeling of WRSG, the de-
tailed derivation of the model under single-voltage closed-loop
control is given in [12]. Considering the limitations of single-
voltage closed-loop control in terms of dynamic performance.
In this section, the impedance model of WRSG based on a
dual closed-loop control strategy in the dq-axis is derived. The
voltage equation of the PMG in the dq-axis can be expressed as
[23]

[
vdP

vqP

]
=

[
LdPs+RsP −ωePLqP

ωePLdP LqPs+RsP

] [−idP

−iqP

]
+

[
0

ωePφmP

]
(1)

where vdP and vqP represent the dq-axis armature voltages of
the PMG, idP and iqP represent the dq-axis armature currents,
LdP and LqP are the dq-axis inductances, RsP denotes the
armature resistance, ωep is the electrical angular velocity, and
φmP represents the permanent magnet flux.

The load current of the PMG is negligible during WRSG
operation, so it can be further derived

vdq =
[
0 ωePφmP

]T
. (2)

The dc voltage vdcP of the PMG three-phase output after the
rectifier-filter circuit can be approximated as

vdcP ≈
√
3 |vdq| =

√
3ωePφmP. (3)

The ME and MG of the WRSG are wound synchronous
machines and their voltage equations and flux linkage equations

Fig. 3. Space vector diagram of the rectifier bridge.

can be expressed as⎡
⎣vdvq
vf

⎤
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⎡
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⎡
⎣ψd
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ψf
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⎡
⎣−ψq
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⎣ψd

ψq

ψf
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⎡
⎣ Ld Lmd

Lq

Lmd Lf

⎤
⎦
⎡
⎣−id−iq
if

⎤
⎦ (5)

where vd, vq, and vf represent the dq-axis armature voltages
and field voltage, id,iq, and if represent the dq-axis armature
currents and field current, Ld, Lq, Lf, and Lmd denote the dq-axis
inductance, field inductance, and d-axis mutual inductance, Rs

and Rf the armature and field resistance, ωe is the electrical
angular velocity, and ψd, ψq, and ψf are the dq-axis flux linking
and the field flux linking.

Substituting (5) into (4), the dq-axis voltage vdq versus current
idq and field current if as

v̂dq =

[
sLd +Rs −ωeLq

ωeLd sLq +Rs

] [−îd
−îq

]
+

[
sLmd

ωeLmd

]
îf . (6)

And the field current if versus field voltage vf and dq-axis
current idq as

îf =
1

sLf +Rf
v̂f +

sLmd

sLf +Rf
îd. (7)

According to the phase and amplitude relationship between
the dc voltage vgen and dq-axis voltage vdq of MG in Fig. 3,
which can be derived as [30]{

v̂gen = Kvv̂dq

îdq = Kiîgen
(8)

where igen is the rectified output current of the WRSG, Kv and
Ki represent the voltage coefficient matrix and current system
matrix of the rectifier bridge, respectively, which can be denoted
as {

Kv = kv[sin δ, cos δ]
Ki = [sin(δ + φ), cos(δ + φ)]/ki

(9)

where kv and ki denote the voltage and current coefficients of
the rectifier bridge, respectively, φ and δ are the power factor
angle and the power angle of the MG, respectively.
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Fig. 4. Small-signal impedance model block diagram of WRSG-based HVDC power supply system.

To improve the dynamic performance of the WRSG, the
current linear amplifier characteristic of the brushless field sys-
tem can be achieved by optimizing the commutation reactance
of the ME during the electromagnetic design process of the
WRSG [31], [32]. The ratio of the MG field current to the ME
field current remains essentially constant when the operating
temperature and load change, which can be expressed as

îf = f
(
îef

)
= kefîef (10)

where kef is the amplifier characteristic gain of ME.
Using the above characteristics simplifies the system

impedance model while maintaining its accuracy, and also fa-
cilitates the design of closed-loop control parameters.

It is noteworthy that, the generator on an aircraft is usually
placed on the engine side, while the dc bus is situated in the
fuselage. The parasitic impedance of the long transmission cable
between them should not be ignored. Additionally, to ensure
accurate voltage regulation on the bus, the voltage sampling
point, i.e., the regulation point (POR), of the in-service aircraft
is located at the dc bus. Therefore, the relationship between the
WRSG voltage vgen and dc bus voltage vbus as well as the igen
and idc can be derived as{

îo = îgen − îco

v̂bus = v̂gen − îdcZcable
. (11)

As a result of the abovementioned analysis, the block diagram
of the small-signal impedance model, as shown in Fig. 4, is
obtained.

B. Control Parameter Design

For the field current inner loop, based on Fig. 4, the open-loop
transfer function Giopen(s) can be expressed as

Giopen(s) = Gci(s)VdcPGef(s) (12)

where Gci(s) denotes the transfer function of the field current PI
regulator and Gef(s) is the transfer function from field voltage
to current.

The zeros of the PI regulator are usually set to offset the poles,
thus, the field current inner loop is generally designed as a first-
order system. The closed-loop transfer function can be written
as

Giclose(s) = ωci/(s+ ωci) (13)

where ωci is the current loop bandwidth, which can be taken as
1/5 to 1/20 of the switching frequency.

Combining (13), (A1), and (A2), the proportional gain kpi and
the integral gain kii of the field current inner loop regulator can
be set to {

kpi = ωciLef
/√

3ωePφm
kii = ωciRef

/√
3ωePφm

. (14)

For the voltage loop design, it can be considered as a typical
second-order system. Therefore, the proportional gain kpv and
the integral gain kiv of the voltage loop regulator can be designed
as {

kpv = a1a3−a1ωnξ+a2ω
2
n

2a1a2ωnξ−a2
1−a2

2ω
2
n

kiv = ω2
n

a1
+

a1a2a3ω
2
n−a1a2ω

3
nξ+a2

2ω
4
n

2a2
1a2ωnξ−a3

1−a1a2
2ω

2
n

(15)

where ωn is the natural frequency, ξ is the damping ratio,
which is typically chosen between 0.6 and 0.8 to ensure optimal
performance of the second-order system, and a1, a2, and a3 are
defined as ⎧⎨

⎩
a1 = ωekefωcikvLmd cos δ
a2 = kefωcikvLmd sin δ
a3 = ωci

. (16)

And the relationship between the natural frequency ωn and
the voltage loop bandwidth ωcu can be expressed as

ωn =
ωcu√

1− 2ξ2 +
√

2− 4ξ2 + 4ξ4
. (17)

C. Output Impedance of the WRSG-Based HVDC Power
Supply System

Based on Fig. 4, the WRSG output impedance Zout(s), defined
as the closed-loop transfer function from the output current io(s)
to the bus voltage vbus(s), can be expressed as

Zout(s) = − v̂bus(s)

îo(s)

=
Zcable(s)(1 +

KvGidq−vdq(s)Ki

Zco(s)
) +KvGidq−vdq(s)Ki

1 + kefGcv(s)Giclose(s)KvGif−vdq(s) +
KvGidq−vdq(s)Ki

Zco(s)

(18)

where Zcable(s) and Zco(s) denote the transfer functions of the
line impedance and the output capacitance, respectively, which
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Fig. 5. Bode diagram of Zs(s).

TABLE I
PARAMETERS OF THE 90 KW WRSG

can be expressed as{
Zcable(s) = sLcable +Rcable

Zco(s) = 1/sCo
(19)

where Lcable(s) and Rcable(s) are the cable’s parasitic inductance
and resistance, and Co is the output capacitance of the WRSG.

A filter capacitor Cbus is typically placed on the dc bus side.
The total source subsystem output impedance Zs(s) can then be
expressed as

Zs(s) =
1

sCbus
//Zout(s). (20)

Fig. 5 presents the output impedance Bode diagram of a
typical WRSG-based HVDC power supply system, based on the
parameters provided in Table I. The diagram reveals two reso-
nance peaks in the output impedance: one in the mid-frequency
range (100–500 Hz) and the other in the high-frequency range.

The impedance spike within the mid-frequency range is
caused by the inductive resistance characteristics of the WRSG
combined with the three-phase output rectified filter capacitance.
While the resonance peak in the high-frequency band results
from the interaction between the cable parasitic impedance
and the bus capacitance. Furthermore, it is clarified that the
amplitude of the resonance spike in the high-frequency band is

Fig. 6. Equivalent block diagram of a single-channel WRSG-based HVDC
system.

typically small, owing to the large capacitance of the bus capaci-
tor. Consequently, the primary cause of system instability under
CPL conditions is the impedance spike in the mid-frequency
band.

III. PROPOSED ADAPTIVE ACTIVE DAMPING CONTROL

STRATEGY

A. Stability Analysis of the WRSG-Based HVDC Power Supply
System Under CPL Operation

Before discussing methods to enhance stability, this section
analyzes the stability of the WRSG-based HVDC system in
Fig. 6, and explores the influence of system parameters on
stability.

Electrical equipment on board can be divided into linear loads
and nonlinear loads based on their operating characteristics.
Linear loads are mostly resistive loads, while nonlinear loads
are primarily CPL. Therefore, the load subsystem considers
both resistive loads and CPL. The input impedance Zin_r(s) of a
resistive load can be written as

Zin_r(s) = Rr = V 2
bus

/
Pr (21)

where Rr and Pr denote the resistance and power of the resistive
load, respectively.

The CPL, linearized around the operating point, can be ap-
proximated as a negative impedance in parallel with a current
source [20], [21]. Its input impedance Zin_CPL(s) can be written
as

Zin_CPL(s) = −RCPL = −V 2
bus

/
PCPL (22)

where RCPL and PCPL represent the resistance and power of the
CPL, respectively. Thus, the input impedance ZL(s) of the load
subsystem can be expressed as

ZL(s) = Zin_CPL(s)//Zin_r(s) =
−V 2

bus

PCPL − Pr
. (23)

It is evident that when PCPL>Pr, the load subsystem as a
whole exhibits a negative impedance characteristic.

Before the stability analysis, the stability criterion is given
here. For the typical cascade system shown in Fig. 6. The stability
of interactions in cascaded systems is commonly assessed using
impedance-based stability criteria. Specifically, the Nyquist cri-
terion is generally applied to analyze the interaction between the
source and load subsystems [13], [16], [22]. For stable system
operation, the following two conditions must be satisfied.

1) The output impedance of the source subsystem Zs does not
intersect with the input impedance of the load subsystem,
ZL, and Zs remains consistently lower than ZL. This aligns
with the principles of the Middlebrook criterion.
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Fig. 7. Results of stability analysis for different CPL values. (a) Bode diagram
of Zs and Zin. (b) Nyquist curve of Zs/ZL.

Fig. 8. Bode diagrams of Zs for different bandwidths. (a) Field current loop.
(b) Voltage loop.

2) If Zs and ZL intersect, the phase difference between them
must be less than 180° to satisfy the Middlebrook criterion.

The stability of the cascaded system can also be assessed by
verifying that the impedance ratio, represented by the Nyquist
curve of Zs/ZL, does not encircle the point (-1, 0).

To analyze the impact of the load on system stability. Consider
the load conditions under typical flight profiles. The resistive
load is set to remain at 20 kW, while the CPL is varied from
20 kW to 70 kW.

The bode diagram of source impedance and load impedance
are shown in Fig. 7(a). It is observed that when Pcpl increases
to 40 kW, Zs and ZL intersect, and the phase difference at the
intersection frequency exceeds 180°, which does not satisfy the
stability criterion. This is also evident in the Nyquist curve shown
in Fig. 7(b).

B. Limitations of the Traditional Control Methods

To further analyze the impact of control parameters on system
stability. Fig. 8 shows the bode diagrams of ZS at different
current loop and voltage loop bandwidths. It can be seen that
increasing the bandwidth slightly reduces the impedance peak
of ZS , but the impedance still intersects with ZL . This indicates
that optimizing the control parameters alone cannot completely
eliminate the risk of system instability.

C. Analysis of Active Damping Positions and Configurations

Given the special application environment and stringent re-
quirements of aircraft EPS, adding an active damping control

Fig. 9. Schematic diagram of active damping position.

Fig. 10. Bode diagrams of Zs with different Lcable. (a) Preside. (b) Postside.

strategy on the source subsystem is more practical than opti-
mizing the control strategy for each CPL, and also easier for
expansion of the system. This section investigates the active
damping control strategy for the source subsystem to enhance
stability in the presence of CPL.

The essential of the active damping control strategy is to damp
the impedance peaks of Zs by adding a virtual impedance either
in series or parallel with the system, thus avoiding intersection
with the ZL. Given the implementation of closed-loop control
for active damping in WRSG, the virtual impedance is ideally
placed at the voltage or current sampling points to facilitate the
derivation of the active damping function.

Additionally, the peak output impedance of the WRSG-based
HVDC power supply system occurs in the mid-frequency band.
Since, the voltage loop bandwidth of the WRSG closed-loop
control cannot cover this frequency range, active damping con-
trol must be implemented through the field current loop. This
is achieved by sampling the bus voltage and integrating it with
the virtual impedance, where the voltage sampling point is the
POR. Based on this, Fig. 9 illustrates three potential positions
for placing the virtual impedance: the preside and postside of
the POR, and the filter capacitor Cbus side.

The impedance Zad for active damping can be implemented
using resistance, inductance, capacitance, or a combination of
these elements.

Specifically, resistors can be placed either in series on the pre-
and postside of the POR or in parallel on the bus side.

Capacitors, due to their ability to pass high frequencies and
block low frequencies, are only suitable for parallel placement
and cannot be used in series configurations.

Inductors, which allow low frequencies to pass while blocking
high frequencies, are only suitable for series placement and can-
not be used in parallel configurations. Furthermore, connecting
inductors in series at the POR is equivalent to increasing the
parasitic inductance in the line impedance. This not only fails
to attenuate the mid-frequency impedance spike but also shifts
the high-frequency resonance peak toward the lower frequency
band, as illustrated in Fig. 10. After the output voltage of the
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Fig. 11. Bode diagrams of Zs with different Rad. (a) Preside. (b) Postside.

WRSG passes through the uncontrolled rectifier circuit, a six-
frequency ripple is introduced in the dc voltage, corresponding
to a frequency of 2.4 kHz (6×400 Hz) under the operating
condition at rated speed (8000 r/min). Although the amplitude
of this ripple is reduced by capacitive filtering, the movement
of the high-frequency resonance peak into this frequency range
can significantly amplify the voltage ripple, adversely affecting
system operation.

In summary, the series inductor configuration is not suitable as
a standalone damping element. It can only serve as an auxiliary
component in parallel with the damping resistor to mitigate the
voltage drop induced by the resistor.

In summary, the virtual impedance on the pre-side of the
POR only considers resistance. For the postside of the POR,
virtual impedance is implemented as a parallel combination of
resistance and inductance. This approach addresses the issue of
bus voltage drop caused by a series-connected resistor alone,
as the parallel inductor compensates for the voltage drop. For
parallel virtual impedance on the bus filter capacitor Cbus side,
options include capacitors, resistors, and resistor-capacitor se-
ries configurations.

Fig. 11(a) shows the bode diagrams of Zs with different
Rad in series on the preside of the POR. And the variations in
impedance spikes within the mid-frequency band for different
values of Rad are highlighted and zoomed in the figure. When the
Rad is small, the peak impedance of Zs does not change much,
and the resonance peak in the high-frequency band decreases.
This is because Rad damps the LC filter formed by Lcable and
Cbus. However, as Rad gradually increases, the impedance peak
of Zs first decreases and then shifts towards the low-frequency
band. This is equivalent to increasing the output impedance of
the WRSG due to closed-loop control. This proposal increases
the risk of system instability in the low-frequency region.

For the solution with virtual impedance in series at the post-
side of the POR, a 1 mH virtual inductor is connected in parallel
with Rad to avoid voltage drop, thus maintaining high regulation
accuracy. The bode diagram of Zs for different Rad is shown in
Fig. 11(b). This method has a limited effect on the rejection of
Zs impedance peaks. Similar to the preside configuration, a new
impedance spike appears in the mid-frequency band. Therefore,
this solution is also not suitable as an active damping control
strategy.

Finally, the active damping solution on the Cbus side is ana-
lyzed. Three types of virtual impedance can be selected: 1) resis-
tance (R), 2) capacitance (C), and 3) resistance-capacitance (RC)

Fig. 12. Bode diagram of Zs with different virtual impedances in parallel
connection. (a) Virtual resistance Rad. (b) Virtual capacitance Cad (c) Virtual
resistance-capacitance series RCad.

Fig. 13. Equivalent circuit diagram after adding virtual impedance Zad.

series. The bode diagrams of Zs for different virtual impedance
parameters in three forms are shown in Fig. 12. All three
methods are effective for impedance peak rejection. However,
their overall impact on the system, when integrated into the
active damping control strategy, requires further derivation, and
analysis.

D. Derivation of Active Damping Control Strategy

In system operation, active damping is achieved by adding a
loop to the closed-loop control strategy. Based on the analysis
in Section III-C, the field current loop is selected as its position.

In the equivalent circuit diagram given in Fig. 13, the current
expressions for each node in the system with active damping can
be derived as ⎧⎪⎨

⎪⎩
î′L = îL + v̂bus

Zad

î′o = î′L + v̂bus
Zcbus

î′gen = î′o +
(̂i′oZcable+v̂bus)

Zco

(24)

where iL is the load current, Zad is the virtual impedance, and
Zco and Zbus denote the impedances of the output filter capacitor
and bus filter capacitor, respectively. Thus, the expression for the
WRSG output current, both before and after adding the active
damping control strategy, is then derived as{

î′gen = (̂iL + v̂bus
Zad

+ v̂bus
Zcbus

)(1 + Zcable
Zco

) + v̂bus
Zco

îgen = (̂iL + v̂bus
Zcbus

)(1 + Zcable
Zco

) + v̂bus
Zco

. (25)
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The change in ME field current Δief can be obtained as

Δîef =
Δîgen

kif
=
î′gen − îgen

kif

=
v̂bus

kifZad
(1 +

Zcable

Zco
) (26)

where kif is the ratio of the output current to the field current.
Thus, the active damping expression Gad(s) can be written as

Gad(s) =
1

kifZad
(1 +

Zcable

Zco
)

=
1 + sCoRcable + s2LcableCo

kifZad
. (27)

The voltage drop is primarily due to the resistance Rcable in
the line impedance. Ignoring the effect of the inductance Lcable,
Gad(s) can be simplified as follows:

Gad(s) =
1 + sCoRcable

kifZad
. (28)

Substituting the three forms of the active damping expression
into (28) yields⎧⎨

⎩
Gad_r(s) =

1
kifRad

(1 + sCoRcable)

Gad_c(s) =
sCad
kif

(1 + sCoRcable)

Gad_cr(s) =
1
kif

sCad
1+sRadCad

(1 + sCoRcable)

. (29)

The active damping function based on virtual resistance con-
tains a constant term of 1/kifRad. This is equivalent to adding a
feedforward control at the field current inner loop. As shown in
Fig. 12(a), the corresponding Rad acts as a powerful feedforward
control parameter, which is much larger than the required field
current, affecting the transient response of the system. This ad-
versely impacts the system’s performance, rendering the active
damping control strategy based on virtual resistance unsuitable
for implementation.

Active damping functions based on virtual C and virtual RC
include a second-order derivative term. This can increase the
noise introduced by the measuring elements in practical control.
To address this issue, it is observed that for (29), when the
condition RadCad = CoRcable is satisfied, the Gad_cr(s) can be
further simplified to a first-order derivative term as

Gad_cr(s) =
sCad

kif
. (30)

As the value of R gradually decreases, the impedance peak
shifts toward the lower frequency band, eventually converging
to the behavior observed in virtual C control, as demonstrated
in Fig. 12(c). However, the amplitude of the impedance peak
remains largely unchanged, indicating that the system’s stability
under CPL conditions is unaffected. In other words, the stability
of the system under virtual RC control is insensitive to variations
in Rad. Thus, only the value of Cad needs to be considered
when designing the active damping function. Ultimately, the
virtual RC configuration is selected as the active damping control
strategy.

Fig. 14. Small-signal model of kif.

Fig. 15. Bode diagram of kif(s) under full load conditions.

E. Active Damping Parameter Selection

As indicated by (30), the strength of the active damping con-
trol strategy is determined by kif and Cad, where the magnitude
of kif is influenced by the characteristics of the WRSG. Based
on the impedance model of the WRSG illustrated in Fig. 4, a
small-signal model of kif(s) is presented in Fig. 14. By deriving
the closed-loop transfer function from ief to igen, kif(s) can be
obtained and expressed as

kif(s) =
îgen(s)

îef(s)

=

kefKvGidq−vdq(s)
RL

+
kefKvGidq−vdq(s)

Zco(s)
(1 + Zcable(s)

RL
)

1 + Zcable(s)
RL

+
KvGidq−vdq(s)Ki

Zco(s)
+

KvGidq−vdq(s)Ki

RL

.

(31)

Given the pronounced nonlinear characteristics of the WRSG,
the analysis of kif(s) should encompass the full load operating
range of the WRSG. Fig. 15 presents the bode diagram of kif(s) as
the load RL varies from 10 kW to 90 kW.

It can be observed that under specific load conditions, kif(s)
exhibits a constant amplitude in the mid-to-low frequency range,
which corresponds to the gain from field current to output current
at the current load. A gradual attenuation trend emerges with
increasing frequency, attributed to the combined effects of the
WRSG, cable impedance, and output capacitance. In the design
of the active damping function Gad(s), it is sufficient to consider
only the gain in the mid-to-low frequency band in kif(s). As
the load gradually increases, a corresponding increase in the
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Fig. 16. Small-signal block diagram with active damping control strategy.

Fig. 17. Dominant pole diagram of Gv_ad for different Cad.

gain of kif(s) is observed, as illustrated in Fig. 15. This behav-
ior needs to be considered in the subsequent parameterization
of Gad(s).

In theory, increasing the value of the virtual capacitor Cad can
enhance the stability margin. However, its impact on closed-loop
regulation must also be considered. Therefore, the stability of the
voltage-closed loop with the active damping control strategy is
analyzed. Fig. 16 presents the updated small-signal control block
diagram, and the closed-loop transfer function can be expressed
as follows:

Gv_ad(s) =
v̂dc(s)

v̂ref(s)

=
kefGcv(s)Gi_close(s)KvGif−vdq(s)

1+kefGcv(s)Giclose(s)KvGif−vdq(s)−
kefGad(s)Giclose(s)KvGif−vdq(s)+

KvGidq−vdq(s)Ki

Zco(s)

.

(32)

Fig. 17 illustrates the dominant pole distribution of Gv_ad

under different Cad. It is observed that as Cad increases to
2.5 p.u. (where 1 p.u. is equivalent to 1000 μF), a pole appears
in the right half-plane, which indicates a potential instability
in the closed-loop system. The results indicate that increasing
the active damping strength adversely affects loop stability. By
combining the variation trend of kif(s) under full load conditions,
as illustrated in Fig. 15, with the impact of CPL on impedance
stability, as shown in Fig. 7. Fig. 18 further summarizes the
stability boundaries of the system under various CPL conditions.
Based on this analysis, the region of active damping coefficient
values required for stable system operation under full load
conditions has been determined. Selecting a value within this
region ensures both the stable operation of the system with CPL
and the stability of the closed-loop control.

Fig. 18. Schematic diagram of the system stability boundaries under various
CPL conditions.

Fig. 19. HIL platform.

IV. EXPERIMENTAL VERIFICATION

To invalidate the proposed active damping control strategy and
the accuracy of the theoretical analysis, a hardware-in-the-loop
(HIL) platform is built, as shown in Fig. 19. The experimental
platform consists of the OP5700 real-time simulator and the
generator control unit (GCU).

The power components, including the WRSG and CPL, are
implemented in the OP5700 real-time simulator, which features
8 CPU cores and achieves simulation steps of 10 μs, enabling
real-time, high-fidelity representation of the system’s opera-
tional state. While the proposed control strategy is realized in
GCU, which includes AD sampling module, signal conditioning
module, and dsp-based control module. The parameters are
detailed in Table I.

A. Validation of the Impedance Model

To verify the accuracy of the proposed impedance model,
a 270 V/90 kW HVDC WRSG is used as a case study. A
time-domain simulation model of the source subsystem is devel-
oped in MATLAB/Simulink. Using the OPAL-RT HIL system,
the impedance characteristics of the model were extracted by
employing the sweep frequency method [33]. An ideal current
source containing a dc and an additional ac sinusoidal dis-
turbance current is connected in parallel to the dc side as a
load.
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Fig. 20. Comparison of theoretical analysis and experimental. (a) Impedance
modeling of WRSG-based HVDC power supply system. (b) Small-signal model
of kif (s).

By measuring the output voltage and current of the source
subsystem, the output impedance at each frequency can be
calculated. Fig. 20(a) compares the impedance model with the
actual sweep results from 1 Hz to 10^5 kHz. It can be observed
that the proposed impedance model closely matches the sweep
results, thereby verifying the accuracy of the derived impedance
model.

Similarly, Fig. 20(b) compares the theoretical and experimen-
tal values of kif(s) for each load power. The accuracy of the
derived kif(s) small-signal model is verified.

B. Operating Conditions of WRSG-Based HVDC Power
Supply System With CPL

Consistent with the theoretical analysis of typical load condi-
tions, the resistive load power is maintained at 20 kW. Fig. 21(a)
presents the waveforms of dc bus voltage, total load current, re-
sistive load current, and CPL current for progressively increasing
CPL power.

The partially expanded waveforms are shown in Fig. 21(b),
(c), and (d). As the CPL reaches 45 kW and above, the system
exhibits significant instability. The amplitude of the instability
gradually increases with the value of the CPL, eventually leading
to system breakdown.

Furthermore, under the operating condition with the resistive
load maintained at 20 kW and CPL set to 60 kW, Fig. 22
presents the waveforms of each observation point in the system
as the bandwidths of the field current inner loop and voltage
outer loop are varied. The results demonstrate that increas-
ing the control bandwidth can suppress system oscillations,
but the degree of suppression is limited, and the effective-
ness diminishes as the bandwidth increases. This is consistent
with the theoretical analysis in Section III-B. Thus, the limi-
tation of PI control in improving the stability of the system is
illustrated.

C. Effect of the Proposed Active Damping Control Strategy

Under the same load conditions, Fig. 23 illustrates the wave-
forms at each observation point when the proposed virtual
RC-based active damping control strategy is applied. The re-
sults demonstrate that enabling the active damping strategy
transitions the system from oscillatory instability to stable op-
eration, thereby verifying the effectiveness of the proposed
approach.

Fig. 21. Experimental results when gradually increasing the value of PCPL.
(a) Overall waveforms. (b) Zoomed view of the PCPL value 55. (c) Zoomed
view of the PCPL value 60. (d) Zoomed view of the PCPL value 65.
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Fig. 22. Experimental results when gradually changing the control band-
widths. (a) Field current loop. (b) Voltage loop.

Fig. 23. Experimental results using the proposed virtual RC-based active
damping control strategy.

Furthermore, Fig. 24 provides an expanded view of the
waveforms at each observation point under the virtual R- and
virtual C-based active damping control strategies. When the
virtual R-based active damping is enabled, a significant voltage
transient occurs at the initial instant, reaching 240.8 V, as shown
in Fig. 24(a). In contrast, while the virtual C-based active damp-
ing avoids this issue, it introduces steady-state noise burrs, as
illustrated in Fig. 24(b). These are consistent with the theoretical
analysis in Section III-D.

In summary, the proposed virtual RC-based active damping
control strategy exhibits superior performance in both transient

Fig. 24. Experimental results for different virtual impedances. (a) Virtual R.
(b) Virtual C.

and steady-state conditions, confirming its advantages over al-
ternative methods.

Furthermore, to verify the effect of active damping param-
eters. Similarly, under the load condition where the resistive
load is maintained at 20 kW and the CPL power is 60 kW.
Fig. 25 shows the waveforms of the system when different
Cad is applied. As Cad increases, the system transitions from
unstable oscillation to oscillation at a lower frequency, which is
caused by the pole in the right half plane of the closed-loop
control. Conversely, as Cad decreases, the amplitude of the
system oscillation is damped, but the system remains unstable.
These results are consistent with the theoretical analysis in
Section III-E.

Using the stabilization region provided in Fig. 18, Fig. 26
presents the waveforms of each observation point as the system
maintains a 20 kW resistive load and gradually increases the
CPL power. The results demonstrate that selecting values within
this region ensures stable system operation across all operating
conditions.

Fig. 27 further illustrates the impact of different Cad values on
the system’s transient response within the stabilization region.
The results indicate that increasing Cad reduces the voltage
regulation time during sudden addition or removal of CPL
conditions, thereby improving the transient response to some
extent.
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Fig. 25. Experimental results under different Cad. (a) Zoomed view of the
Cad value 1.0 p.u. (b) Zoomed view of the Cad value 0.5 p.u. (c) Zoomed view
of Cad value 2.5 p.u.

Fig. 26. Experimental results after adding the virtual RC-based active damping
control strategy. (Cad value 1.0 p.u.).

Fig. 27. Experimental transient results for different Cad values.

V. CONCLUSION

In this article, an active damping control strategy is
investigated to enhance the stability of the WRSG-based HVDC
system for MEA. A detailed derivation of the small-signal
impedance model of the WRSG under double-loop control is
presented, along with design principles for control parameters.
The impact of CPL and control bandwidth on system stability
is analyzed, and the system’s instability boundaries as well as
the limitations of the conventional PI control are discussed.
Based on the active damping method, the effects of the
damping position and configuration on stability enhancement
are analyzed, and an active damping control strategy based on
the virtual resistance and capacitance series is proposed. The
relationship between the output current and the field current is
derived and extended to full-load conditions, accounting for the
strong nonlinearity of the WRSG. The stability boundaries of the
system are summarized, and parameter selection methods are
provided. An experimental platform is developed to verify the
accuracy of the derived impedance model and the effectiveness
of the proposed active damping control strategy.

The proposed virtual RC-based active damping control strat-
egy can enhance the stability of WRSG-based HVDC power
supply system operating under CPL conditions. Furthermore,
both the strategy and its parameter selection methodology are
applicable to other WRSGs.

APPENDIX

Based on (7), the field current consists of a dc part related to vf
and an ac part related to the d-axis current id. Since the voltage
is contributed only by the dc part, Gef(s) can be rewritten as

Gef(s) = 1/(sLef +Ref). (A1)

Based on (12) and (A1), Giopen(s) can be further written as

Giopen(s) =

√
3ωePφmkpi(s+ kii/kpi)

Lefs(s+Ref/Lef)
. (A2)
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The current loop bandwidth ωci and can be expressed as

ωci =
√
3ωePφmkpi

/
Lef. (A3)

The inner loop component of the field current can be replaced
by (13), and the open-loop transfer function of the voltage loop
can, thus, be expressed as

Gvopen(s) = kefGcv(s)Giclose(s)KvGif−vdq(s) (A4)

where Gcv(s) denotes the transfer function of the voltage PI
regulator and Gif-vdq(s) represents the transfer function from
the field current to the dq-axis voltage.

Based on (13) and (A4), the closed-loop transfer function
Gvclose(s) can be further written as

Gv_close(s) =
Gvopen(s)

1+Gvopen(s)

=

kefωcikvLmd[kpv sin δs
2 + s(kiv sin δ+

kpv cos δωe) + kiv cos δωe]

(1 + kefωcikvLmdkpv sin δ)s
2 + s[kefωcikvLmd(kiv sin δ+

kpv cos δωe) + ωci] + kefωcikvLmdkiv cos δωe

.

(A5)
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