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1. Introduction

Abstract. High penetration of Power Electronic (PE) converters in DC power grids causes
new stability challenges due to dynamic interactions among the subsystems of a network.
Such dynamic interactions can be avoided by the impedance coordination among the subsys-
tems through the modification of control loops or passive elements inside a grid. Impedance
coordination is a very complex and time-consuming task with no adaptations to dynamic
changes in a power grid. The current study delved into the concepts of dynamic interaction
and passivity and they were combined to provide an online stability measure concerning
the DC bus impedance characteristics. In this regard, a novel DC Power System Stabilizer
(PSS) was proposed, which was connected to a DC bus as a separate module passivizing
the bus impedance at non-passive interaction frequencies. The interaction frequencies were
detected through a broadband online identification process. The PSS working principle,
topology, modeling, and control designs were also discussed in detail. Finally, the function-
ality and performance of the proposed stabilizer were validated by the simulation results.

(© 2022 Sharif University of Technology. All rights reserved.

etrated by Power Electronic (PE) converters that

Medium Voltage DC (MVDC) grid technology has
received a great deal of attention over the past decade
when applied to electric power distribution systems
and micro grids. DC grids are beneficial due to their
high power-density, efficiency, less harmonic pollution,
fast dynamic responses, and better integration into
renewable energy sources and energy storage systems.
DC technology has a wide range of applications in rail-
way [1], aerospace [2], marine, and offshore industries
[3]. In addition, it is still developed for the expansion of
the grid infrastructure at transmission and distribution
levels [4].

DC power distribution systems are highly pen-
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are characterized by non-linear dynamics. In prac-
tice, these converters are designed to ensure high
dynamic performance with optimized stability margins
[5]. However, when they are connected to each other
in a multi-converter system, new stability challenges
are likely to face. Due to the tight regulation of
the control loops, a non-minimum phase dynamic is
introduced at the input terminal of the PE loads
which can cause instability [6]. This phenomenon is
regarded as Constant Power Load (CPL) destabilizing
effect. However, the CPL behavior is not the worst-case
scenario, and some incidents of instability under light
load conditions have been also reported in industries
mainly due to the interactions among the control loops
of the interconnected converters [7]. In this case, the
instability arises from a totally different phenomenon
other than the CPL effect; yet, both result in negative
impedance at the input terminal of the PE loads [8].
The history of the stability analysis for multi-
converter systems dates back to the Middlebrook’s
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work on filter design [9] and its Nyquist derived exten-
sions to the Gain and Phase Margin Criterion, Oppos-
ing Argument Criterion, and Energy Source Analysis
Consortium (ESAC) Criterion, all reviewed and com-
pared in [10]. These criteria have long been used for
the impedance coordination among PE converters in
aerospace [2] and marine industries [11]. These criteria
specify different forbidden regions in the polar plot of
the so-called Minor Loop Gain (MLG), which is the
impedance ratio of the source subsystem to that of the
load subsystem. Impedance coordination is a very com-
plex and time-consuming task functioning based on the
frequency response measurement of each subsystem at
different operating points [2,12]. Unfortunately, these
criteria that result in a conservative design are sensitive
to components grouping, system uncertainties, load
conditions, and power flow direction in a network [10].

Recently, a novel Passivity-Based Stability Crite-
rion (PBSC) has been proposed based on the passivity
of the overall DC bus impedance from any arbitrary
point [13]. In addition, there are some earlier re-
search works on the passivity of the overall DC bus
admittance developed for railway industries that led to
Input Admittance Criterion (IAC) [14] and EN50388
standard [15]. Of note, the observability of an unstable
mode from any arbitrary point in a power network
is still an open controversial problem; however, initial
investigations into the practical power systems indicate
that any unstable mode is propagated throughout the
grid without any zero/pole cancellation [14].

A number of stabilization techniques have been
proposed in the literature among which active damping
methods are more preferred to others due to their
higher efficiency and lower costs. General approaches of
active damping methods are to modify the impedance
characteristics of the PE converters on either the load
or source sides to fulfil the stability criteria. Vir-
tual impedance techniques [16,17], passivity-oriented
admittance shaping [18], and DC bus voltage feed-
forwarding [19] are some general methods of active
damping applied to the load-side converters. Other
solutions such as feedback linearization [20], back-
stepping control [21], synergetic control [22], and
multi-agent stabilizing control [23] are the nonlinear
stabilizing techniques that can provide large signal
stability. It should be noted that nonlinear solutions
are complex and highly dependent on the system model
and parameters. A passivity-based stabilizing control
was proposed in [24] which added a supplementary
positive feed-forward loop to the load-side converter.
However, the control design is highly computational
and dependent on the converter unterminated model
and transfer functions. In [25], a passivity-based
stabilizing control was implemented on the source-
side converter which was very simple in design and
calculation. In this method, a notch filter was added to

the voltage control loop to enhance the DC bus stiffness
at the interaction frequency. However, the bandwidth
of the voltage loop was limited, thus making the
implementation of the notch filter almost impossible
in a wide frequency range.

All the aforementioned stabilizing methods,
whether they were applied to the load-side or the
source-side, impose oscillatory damping power distur-
bances on the network subsystems, leading to their
performance degradation or cyclic stress increment at
their mechanical drive trains. Of note, such control
modifications cannot be applied to commercial PE
converters with a limited access to their firmware.
These shortcomings call for a centralized stabilizer in
a DC grid.

The idea of centralized stabilizer was proposed
in [26] for modification of the source-side impedance.
However, in practice, the source-side converter is not
decoupled from the rest of the network, and the explicit
form of its output impedance is not known for the
stabilizer. Another centralized stabilizer was proposed
in [27] which employed Second-Order-Generalized-
Integrator (SOGI) to shape its output impedance
around the specific resonance frequency. However, due
to the lagging function of the SOGI filters at higher
frequencies than notch frequencies, an inductor-like
impedance was introduced to the grid, which would
result in new unexpected LC resonance modes.

The current study introduced a DC Power System
Stabilizer (PSS) connected to a DC bus as a separate
module. The PSS operates on the principle of shaping
the DC bus impedance with the enforcement of the
passivity condition at non-passive interaction frequen-
cies. The interaction frequencies were detected through
a broadband impedance identification process done by
local measurements. The proposed approach enjoys
several advantages namely the centralized implemen-
tation with no modifications to the grid structure in
terms of software, hardware or communication related
aspects, well-structured design and simple calculations,
and adaptation to the network dynamic changes with
a fixed control structure, to name a few.

This paper is organized as follows: Section 2
introduces the concept of dynamic interaction among
PE converters and combines them with the PBSC to
provide guidelines for the stability assessment of DC
grids in terms of equivalent bus impedance. Section
3 discusses the PSS working principle, functionality,
and sequences. Section 4 models the PSS and designs
its control loops. Finally, Section 5 evaluates the PSS
performance using simulation results.

2. Dynamic interaction and stability analysis

Power systems with high penetration of PE converters
are prone to voltage oscillations or instabilities. PE
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converters are controlled-devices with nonlinear dy-
namics which, in a small signal sense, are modeled by
complex transfer functions in the canonical form [28].
The terminal characteristics of the PE converters are
attributed to their control parameters, operating point,
and filter components. A DC power distribution sys-
tem can be considered as an interconnection between
an upstream source and a downstream load subsystem.
As depicted in Figure 1, the source and load subsystem
impedances are denoted by Zs and Zj, respectively.
The equivalent DC bus impedance is:

Zs.Zr, { 1 ]
S .

Zys = e =I5 |
’ 1+ Zs/Z;,

= 1
Zs+ 7, e

According to Eq. (1), the bus impedance is
represented by Zg multiplied by a correction factor
which is a function of Zs/Z; (MLG). The network
is considered stable if Zg and Zp are individually
stable, and the Nyquist contour of the correction factor
is not encircled (—1,0). In practice, Zg dominates
the bus impedance in low frequency ranges where the
bandwidth of the source subsystem is wide enough to
support the load dynamics. On the contrary, in high
frequency ranges, the bus impedance is dominated by
the source-side capacitor banks. In both low and high
frequency ranges, the MLG magnitude is very small,
hence Zy,s =~ Zs.

Dynamic interaction may occur in a mid-
frequency range where the bandwidth of the source-
side is limited, hence Zgs and Zj are comparable in
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magnitude but with an obtuse angle. The Z;,, peaking
phenomenon occurs when the phase difference of Zg
and 7 exceeds 120°. For the phase differences of
more than 150°, the amount of resonance peak exceeds
6 dB, and the associated bus ringing and performance
degradation occur due to the amplification effect of
the correction factor [2]. As compared in Figure 2,
this condition is similar to the resonance phenomenon
with a simple difference that the feedback control loops
interact with each other, and either Zg or Z; exhibits
a negative real-part which reduces network damping.
Any resonance peak in Zp,,, whether it was
originated from the interaction of the physical LC com-
ponents in the grid or from the PE converters control
loops, is the representative of the network instability.
The system stability at a resonance peak depends on
the net damping of a power grid. Depending on the
passivity condition of Zp,s, the sign of the net damping

Im Im
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Z
L ZL
Resonance Dynamic Interaction

Figure 2. Vector plots of Zs and Z7, in case of resonance
and dynamic interaction.
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Figure 1. Zp,s peaking phenomenon at an overlap frequency caused by the amplification effect of the correction factor
(1/1+ Zs/Zr): (a) Angle of Zg/Zr, lower than 120° and (b) angle of Zs/Z;, exceeding 120° [2].
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can be determined. Network instability is identified
when the Z,,s phase angle varies around 180° at a
resonant peak. Preventive actions can be taken prior to
the beginning of the oscillations when the phase angle
is still less than 180°.

In a small signal sense, a DC bus is passive if Z,
is a positive real transfer function [29]; in other words:

Re|Zyys(o + jw)] >0, Vo >0, Vow. (2)

Evaluation of the positive real property in
the Right-Half-Plane (RHP) is a very complex and
formidable task. According to the real part corollary
of the maximum modulus theorem [30], the minimum
value in Eq. (2) can be obtained on the boundary of
the RHP, i.e., the imaginary axis, provided that there
is no singularity inside the RHP region. Therefore, the
bus impedance is passive if and only if:

- Zpus (s) has no RHP poles;

- and the Nyquist contour of Z,,s(jw) completely lies
in the RHP.

The first condition stands for the system stability;
however, the degree of passivity is higher than that
of stability. Passivity can bring about robust stability
which is important in practical systems with delays and
uncertainties [13]. The RHP Nyquist contour can be
evaluated by the following phase constraint:

=3 S arg (Zous(j) € 5. Voo (3)

Passivity is a sufficient condition for the network
stability, indicating that a system is considered stable
even if there are some non-passive frequency ranges in
the Z,,s spectrum. Therefore, it is not required to
check the passivity condition in the whole frequency
ranges.

3. Proposed stabilizing method

The main idea behind the proposed stabilizer is to
enforce the passivity condition to Z,s at non-passive
resonance frequencies. The task can be actively accom-
plished by modifying the bus impedance around the
resonance frequency in accordance with the satisfaction
of the passivity phase constraint in Eq. (3). As shown
in Figure 3, the DC PSS injects a damping current
(Zgamyp) to the DC bus which emulates virtual damping
impedance (Zgamp) that is parallel to Zp.s. The
damping impedance is designed to be passive and domi-
nant with respect to the DC bus impedance (Zgqmp <<
Zpus) at the resonance frequency. Therefore, the total
bus impedance (Zpys_new) bears some similarity with
Zdamp characteristics, being passive and thus stable.
The amplitude of the damping current is proportional
to the DC bus voltage oscillations and decreases by zero
as the grid voltage oscillations damp.

Zbus (Non-Passive)

le 7L
+
Source (—l Vius I-} Load Zbus
Sub-System ) Sub-System X
%
= 7Zbus Zdamp l
=7damp Zbus
e N
DC PSS Zbus_new
(Passive)

Figure 3. DC bus impedance shaping at an interaction
frequency based on the proposed DC PSS. The DC bus
impedance is modified to Zpys—new by adding virtual
damping impedance (Zgamp) in parallel to the grid
impedance (Zpys).

The proposed stabilization method does not de-
pend on the explicit transfer function, Z;,,. Instead, it
is directly dependent on the Z,,s frequency spectrum
achieved from the non-parametric online identifica-
tion. Wideband identification of Z,,; is done by
perturbing the grid voltage with a Pseudo-Random-
Binary-Sequence (PRBS) signal. The PRBS signal is a
digital approximation of the white noise that excites all
frequencies of interest over a fraction of time [31]. The
DC bus impedance frequency spectrum is obtained,
followed by applying the Discrete-Fourier-Transform
(DFT) to the perturbed signals [32]. Based on the
identified Zy, s, the non-passive resonance peak (if any)
is detected and the required Zgqm, is calculated. Of
note, the identification process can be conditionally
activated as the DC bus voltage deviates from a prede-
fined threshold. However, as far as the online stability
monitoring and preventive actions are concerned, the
DC bus can be identified all the time. The flowchart of
the stabilizing process is shown in Figure 4.

I N\
Voltage perturbation
PRBS signal injection

Vi(k), I(k)
v

DFT calculations
(Zbus spectrum)

| 2w

Analysis of Zpus
(magnitude and phase)

[Non-passive resonant peak? #
l Yes

| Update Zawmy |

'

Update passivizing current ),

Laamp

Figure 4. Flowchart of the stabilizing process
implemented by the DC PSS.
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4., DC PSS structure and control design

As shown in Figure 5, the PSS involves two power
circuits namely the stabilizing and perturbing circuits.
The stabilizing circuit injects the damping current to
the grid while the perturbing circuit is responsible
for exciting a network with the PRBS signal. Both
circuits are implemented in a half-bridge topology.
The DC PSS capacitor voltage is regulated by the
stabilizer at a higher level than that of the grid voltage
(Vo > Vipus). The higher voltage is required for the
bidirectional current control capability and provision of
a duty cycle margin to avoid the modulator saturation
in the perturbing circuit.

The control structure of the stabilizing circuit
comprises the cascaded voltage and current control
loops. The stabilizer reference current is tracked by
an internal control loop and the PSS capacitor voltage
(VQC) is regulated by an external control loop.

The control loop of the perturbing circuit regu-
lates the current at nil in order to block the circulating
current between the two half-bridge converters. The
PRBS signal is added to the modulator of the perturb-
ing circuit and feed-forwarded to the reference signal
to ensure that it is not rejected by the control action in
low frequency ranges. The stabilizer reference current
calculation, modeling, and control design are explained
in the following sections:

4.1. Calculation of the passivizing reference
current
The damping impedance (Z4qm;p) should:

- Exhibit high impedance in low frequency ranges;

- Exhibit a dissipative (passive) behavior in the reso-
nance frequency range;

- Not exhibit an inductive behavior at higher frequen-
cies than the interaction frequency in order to avoid
unexpended LC resonance between the stabilizer and
grid.

Cal.CLfla.te Calculate |, Zpeak | Non-Passive |, Z(®)|  Zbus
Passivizing [—] .
pa Zdamp(s) ® Resonance Identifier
urrent
Tprbs Vh
Iref,| Current prbs Vbus
Control d(k)
?
ST lemmp Ve Vi VOWEOT]  Seabiliing
Voltage L1 Circuit
Control + e NG —
T+ * == J Idamp g Vbus_i Zbus
Vref Ve Ve
Znew
| ¢ L2
Ngypmra Perturbing
ret0 ) pp J Tartbs Circuit
Iptbs N Cuyrrent
PRBS N Control PRBS

f
——— [ Modularor Je— LI

Figure 5. DC PSS power circuit and control block
diagrams.

Zdamp 1s designed to be a series RC-branch with
parameters tuned based on the identified Z,,s at the
resonance frequency. The RC-branch corner frequency
is designed to be one decade below the resonance
frequency (fres) with the impedance value to be one
order of magnitude smaller than the grid impedance
peak value at the resonance frequency (Z,eqr). There-
fore, the parameters of the RC-branch are:

Zpeak 10

R= =—.
10 27 R fres

(4)

The stabilizer reference current is calculated by
Eq. (5):

Vius(s Vius(s
Idamp(s) . b ( ) b ( )

= Zaumg(s) (4 ) )

where “s” denotes the Laplace variable.

Based on the Backward Euler discretization
method with a time step of Ty, the discrete form of
the passivizing current can be obtained as follows:

Idamp(k) = (TS—(:_RC') . [‘/bus(k) - Vbus(k - 1)]
+(757) Lot =D (@

where “k” denotes the kth control iteration.

4.2. Current control loop

A deadbeat current controller was utilized to track
the calculated reference current with fast dynamic
response [30]. In this control method, the actual
current converges to the reference value after two
sample time delays (272). The control rule was
derived from [33] and represented here in terms of
the stabilizer DC link voltage (V¢), reference current
(Iref), actual current (I1), grid voltage (Vius), and
converter switching frequency (fsy ). The switching
duty-cycle (d) of the stabilizer circuit modulator is:

d(k +1) = —d(k) + (Ires (k) = I1(F)) @5(513
Vbus(k)
+2 Vo (k) @

4.3. Voliage control loop

The DC PSS voltage control can be obtained through
the stabilizer current control. The average model of
the half-bridge topology was taken into account to find
out the DC PSS dynamics, as shown below:

dVe
CT; = _d~]damp - d~[PRBS7 (8>

where C and V¢ are the stabilizer DC link capacitance
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Figure 6. The stabilizer model and control hierarchy.

and voltage, respectively. The small-signal lineariza-
tion of Eq. (8) is:

v - . -
_CTf = dO~Idamp + d~IdampO + d~IdampO

+dist.term, (9)

b2

where “~” and “O” denote the small signal variable
and operating point, respectively. The perturbing cir-
cuit does not participate in the PSS voltage control and
consequently, the Ipgrps is modeled as a disturbance
term (dist.term) in Eq. (9).

The second-order signal perturbation in Eq. (9)
was neglected; consequently, the transfer function from
the stabilizer output current to the DC link capacitor
voltage can be written as follows:

Vo(S) _ —do
-fdamp(s) CS .

(10)

In order to regulate Vi at the reference value, a
Proportional-Integral (PI) controller should be used:

. 1
PI(S)=Kp <1+TIS>, (11)
where K p is the proportional gain and 77 the integra-
tion time constant.

The PI controller parameters are tuned using the
Symmetrical Optimum Criterion (SOC) [5]. Figure 6
presents the stabilizer model and control hierarchy, and
Figure 7 shows the root locus of the voltage loop. The

PSS power circuit ratings and control parameters are
listed in Table 1.

5. Simulation results

Figure 8 introduces a DC power distribution system
of the cascaded source and load subsystems. The
power system consists of an Active-Front-End (AFE)
rectifier as the source subsystem and a metro traction
motor drive as the load subsystem. The simulations

1.0 rFs = 4700 Hz
Kp = 5.4 7 06xT

0.8 [ Ki=3.6 G7ur

0.6
/08T

Imaginary axis

-0.6

-0.8 | NOT7HT 0:37/T ~

1.0 I YY) Bl gy

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

Real axis

Figure 7. Root locus of the stabilizer voltage control
loop.

Table 1. Control parameters and ratings for DC PSS.

Description Symbol Value
Stabilizing circuit filter inductance L1 2 mH
Perturbing circuit filter inductance L2 1 mH
DC link capacitance C3 4 mF

Kp,T; 5.4, 1.5 sec
Kp, T; 3,10 sec

Voltage loop PI parameters

Perturbing circuit PI parameters

PRBS generation frequency Fy 4700 Hz
PRBS bits - 10 bits
Switching frequency Fsw 4700 Hz

Control sampling frequency Fs 4700 Hz

were performed in MATLAB/Simulink environment at
a time step of 2 x 1076 s.

The current control loops of the AFE rectifier
and traction drive are designed based on the Optimum
Modulus criteria [5]. The bandwidth of the AFE recti-
fier is intentionally reduced and as a result, a dynamic
interaction between the two subsystems occurs within



A. Asbafkan and H. Mokhtari/Scientia Iranica, Transactions D: Computer Science & ... 29 (2022) 2029-2039 2035

DC Traction
Ldc Motor Drive

Active
Front-End (AFE) Rline
L

=ToL % fvl?‘

400V, 50Hz [ 2x132KW
L1 0~1500 RPM

— -
=3 Jl$ Idamp |

L2 |
N J¢ Iprbs

Figure 8. Power circuit of the system under study.

Ve
1500V

DC PSS

Table 2. Parameters of the DC power distribution
system.

Description Symbol Value
AFE rectifier

Input filter Ly, Ry 2mH, 0.1 Q2
DC link capacitance C1 15 mF
Current loop Pl parameters Kp, T; 2.8, 0.05 sec
Voltage loop PI parameters Kp, T; 9, 0.1 sec
PLL loop PI parameters Kp, T; 4.6, 0.5 sec
Switching frequency Fsw 3000 Hz
Line resistance Riine 0.05 Q
Motor drive

Input filter inductance Lac 1.2 mH
Input filter capacitance C2 1.5 mF
Output filter inductance Lo 4 mH
Current loop Pl parameters Kp, T; 9.3, 0.04 sec
Switching frequency Fsw 3600 Hz

the nominal power range of the grid. Table 2 lists the
parameters of the AFE rectifier and traction motor
drive. The PRBS parameters are tuned based on
the system noise level, degree of non-linearity, time
constants, and desired frequency resolution [34]. The
PRBS wave was generated in this study by a 4700 Hz
10-bit Linear-Feedback-Shift-Register (LFSR) with a
resolution of 4.6 Hz. The PRBS signal amplitude was
designed large enough to excite the DC bus dynamics in
the whole frequency ranges and small enough to reduce
the small-signal modeling errors originated from the
system non-linearity. In practice, the PRBS amplitude
was designed to perturb the DC bus voltage around 3%
to 5%.

In the first simulation, the stability of the power
grid was investigated in different load conditions. The

780 f ‘ I Passivity condition ‘
770 PRBS period violated

0.217 sec | N il
760 T 1 |

DC bus voltage (V)
~
Ut
=)

3.0

2.5 N

20t ot "'"Mﬂdl"w |
1.5 i
|

| | | [ |
6.0 6.2 64 66 68 7.0 72 74 76 7.8

AFE power (W)

Time (sec)

Figure 9. DC bus voltage (top) and power (bottom) at
the terminal of the AFE rectifier. Oscillations start at
200 kW load power.
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Figure 10. Bode plot of Z3,, at different load conditions.

DC bus voltage is regulated at 750 V by the AFE
rectifier, and the traction motors are accelerated with a
constant torque. The PSS is connected to the DC bus;
however, only the perturbing circuit is operational in
terms of stability monitoring. Figure 9 shows the DC
bus voltage and power at the rectifier terminal. As
observed in this figure, an unstable oscillation begins
at a load power of 200 kW.

In order to investigate the network stability in
the frequency domain, the identified Zp,; is plotted in
Figure 10 under different load conditions. According to
this figure, there is a resonance mode at 118 Hz which
refers to the traction drive input LC filter. This mode
is passive and stable in all load conditions. Here, as
the load power increases, a bus peaking phenomenon
is observed at 32.2 Hz which is not originated from the
passive elements inside the grid. This oscillation mode
refers to the dynamic interaction between the AFE
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Figure 11. DC bus voltage (top) and power (bottom) at
the terminal of the AFE rectifier. Oscillations damped
after the injection of the passivizing current.
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Figure 12. The stabilizer terminal voltage (top) and
current (bottom).

rectifier and traction drive. The passivity condition
is violated at 200 kW load power for this oscillation
mode.

In the second simulation run, the perturbing and
stabilizing circuits of the PSS are both operational.
The required Zgq.m,, is calculated based on the iden-
tified Zp,s, and the passivizing reference current is
applied to the stabilizer current control loop. As shown
in Figure 11, the DC bus is stabilized at a load power
of 200 kW after the injection of the passivizing current.
In this simulation run, the grid power increases up to
250 kW to assess the robust stability. In Figure 12, the
stabilizer terminal voltage and current are shown at a
closer look. At 7.75 s, the passivizing current is injected
into the DC bus with an opposite phase to the voltage

w
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Figure 13. Bode plot of Zy, s before and after the

injection of the passivizing current. The power grid is

stabilized at the interaction frequency by the PSS.
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oscillations. Therefore, the damping power is absorbed
from the grid at the interaction frequency; meanwhile,
a decaying current offset is also injected into the DC
bus, thus balancing the amount of the input and output
energy at the PSS port. In order to evaluate the
function of the stabilizer from the frequency point of
view, the identified Z,,s spectrum before and after
the stabilization is plotted in Figure 13. Prior to
stabilization, a resonant peak is observed at 32.2 Hz
with a magnitude of 25 dB and phase angle of 176°.
After the stabilization, the bus impedance magnitude
is reduced to —10 dB with the passive phase angle (0°)
characteristic. The bode plot of the stabilized Z;,s at
250 kW load power is also plotted in Figure 13 where
the sensitivity of the stabilized Zp,; is quite low under
the load power variations.

In the next simulation run, the PSS dynamic
response is evaluated for the step load changes. The
traction motor reference current increased from 100 A
to 300 A at 2 s and decreased back to 100 A at 2.9 s.
At first, the PSS is intentionally disabled. Figure 14
presents the DC bus voltage and power in response to
the load steps. The DC bus oscillations start right
after the load increases from 60 kW to 300 kW. The
simulation is repeated when the PSS is operational. As
shown in Figure 15, the DC bus is stabilized at 2.25 s
followed by injecting the passivizing current into the
grid. The passivizing current decreases to zero as the
voltage oscillations are damped. The DC PSS response
is limited to the perturbation and identification process
time which is 0.217 s in this simulation.

6. Discussion

The novelty of this paper lies in its application of
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Figure 14. DC bus power (top) and voltage (bottom)
responses to the step load variations.

the DC bus stabilization methodology. In contrast
to the proposed methods in [16-25], the stabilizing
function is implemented by a separate module in a
DC grid. Therefore, the control loops and bandwidths
of other load or source converters in the grid are
not affected by the stabilizing function. Compared
to the proposed method in [24], the computational
effort is quite low mainly because the control algorithm
functions independently of the converter unterminated
model (g-parameters). Due to the deadbeat current
control, the stabilizer current loop model is fixed and
known (272) in the whole frequency ranges. Therefore,
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the PSS control adaptation is done using only reference
current variations.

In [25,27], the bus impedance at resonance fre-
quency is modified by the notch or SOGI filters which,
from the circuit point of view, exhibit an RLC branch
impedance to the grid. The RLC branch behaves
like an inductor in high frequency ranges which can
resonate with the network capacitor banks. The
proposed stabilizer exhibits an RC branch which is
stable in the whole frequency range. In contrast to [25]
and [27], the control structure of the proposed stabilizer
in the case of the grid resonance frequency variations
is fixed. The proposed PSS has a bidirectional power
flow capability which injects the absorbed damping
power back into the network with a decaying DC
current offset. Therefore, there is no need for any
battery storage or dissipative dummy loads inside the
PSS. Along with the abovementioned advantages, the
proposed PSS reduces the network power quality due
to the PRBS perturbations.

7. Conclusion

The current research combined the concepts of dy-
namic interaction and passivity together to provide
a sufficient condition to detect the instability of a
DC power grid, considering the DC bus impedance
characteristics. In this regard, a novel Power System
Stabilizer (PSS) was proposed which was connected to
a grid as a separate module, passivizing the DC bus
impedance at interaction frequencies. The stabilizing
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Figure 15. PSS dynamic responses to the step load variations.
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method operated based on local measurements in terms
of online identification of the DC bus Impedance. The
stabilizer adopts a fixed control structure that emulates
a damping impedance with adaptations to the power
grid dynamic changes. In addition, several specific
definitions were given in this study concerning the
stabilizer functionality, circuit topology, modeling, and
control designs. The performance and effectiveness of
the proposed stabilizer was validated by the simulation
results. The obtained results suggested that the pro-
posed stabilizing method was a promising technology
for the future DC power grids and microgrids charac-
terized by high penetration of Power Electronic (PE)
converters, changing load profiles, and uncertainties.
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