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An Impedance-based Parameter Design Method
for Active Damping of Load Converter Station
in MTDC Distribution System

Pengwei Chen, Member, IEEE, Wenmeng Zhao, Xin Chen, Member, IEEE, and Wenwei Jiang

Abstract—To achieve the efficient application of impedance
analysis in the stability assessment and enhancement of multi-
terminal DC distribution systems, this paper proposes the DC-
side reduced-order impedance models with power control and
AC voltage control, respectively, by taking the load converter
station as the object. By using the DC-side current as the feed-
forward state, the active compensator applied to the load con-
verter station with two control modes is also derived as well as
the corresponding reduced-order impedance models. Combined
with the reduced-order impedance models, a method based on
damping factor sensitivity is further proposed to design the pa-
rameters of the derived active compensators. The verification
results in the frequency domain and time domain demonstrate
the accuracy of the reduced-order impedance and the effective-
ness of the proposed compensator parameter design method.

Index Terms—Impedance modeling, order reduction, active
compensator, damping factor, sensitivity.

[. INTRODUCTION

ITH the rapid development of semiconductor devices

and control technologies in previous decades, the DC
distribution network based on the voltage source converter
(VSC) [1], especially multi-terminal DC (MTDC) systems,
has become an attractive alternative to enable the efficient in-
tegration of distributed generators (DGs) and DC loads [2],
[3]. According to the difference in the energy flow into or
out of the DC network, VSC stations in the MTDC system
can be classified into two types: source converter station and
load converter station. The load converter station connected
to an active network can operate in the power control mode,
while the station supplying power to a passive network gen-
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erally adopts the AC voltage control. Whether under power
control or AC voltage control, the load converter station pos-
sesses the property of a constant-power load [4]-[6], which
would result in stations encountering interaction problems,
such as low-frequency oscillations [7]. Therefore, the stabili-
ty, especially small-signal stability, is a fundamental issue in
the operation of MTDC distribution systems, and stability en-
hancement, such as the active damping control, is required
in many cases [8], [9].

In addition to the time-domain simulation, there are two
main categories of methods to assess the small-signal stabili-
ty, namely state-space analysis and impedance analysis [10]-
[12]. Although the former method provides insight into
multi-converter interactions through the participation factor
and sensitivity analysis, it still relies on the complicated full-
state small-signal model, where the model order will in-
crease dramatically as the number of converters increases
[13]. Once the MTDC distribution network operates in differ-
ent modes or structures, the state-space model needs to be re-
built, thus leading to a huge amount of work. The imped-
ance analysis, which is a well-established technique em-
ployed to analyze interconnected systems [14], has gained in-
creasing popularity in recent years. The ratio of the source
output impedance to the load input impedance is primarily
used to satisfy the Nyquist stability criterion or other im-
proved criteria [15], [16]. Thus, the impedance modeling of
the terminal has become a key point in the application of im-
pedance analysis.

To achieve the accurate modeling for DC-side impedance,
various models and methods have been proposed from differ-
ent perspectives [17]-[20]. Based on the power balance be-
tween the AC and DC sides, the DC-side impedance models
of the rectifier and inverter stations are derived in [17] to an-
alyze the stability of a two-terminal DC system, but the mod-
eling only involves the power and DC voltage control. In
[18], the VSC-based high-voltage direct current (VSC-
HVDC) system is represented as a feedback interconnection
of two subsystems that are defined as a VSC DC-side power
dependent admittance and DC-network impedance, respec-
tively. Such a modeling approach helps provide the physical
meaning of instability; however, the modeling process still
depends on the full-order state-space equations. To enhance
the universality for VSCs with different control tasks, a com-
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prehensive DC-side impedance model for conventional three-
phase two-level VSC in different control modes is proposed
in [19], and the effects of controller parameters are also ana-
lyzed in detail. In [20], the DC-side small-signal impedance
model of the modular multilevel converter is established by
using the harmonic linearization, which has a higher accura-
cy than that in the dg reference frame.

For emphasis, whether based on conventional state space
or harmonic state space, the above impedance models and
their derivation processes are all complicated. For ease of ap-
plication, various reduced-order impedance models have
been explored for different DC systems and control modes
[21]-[24]. The common idea to establish the reduced-order
model is to approximate or ignore the fast-current control dy-
namics, the effect of the AC-side voltage and g-axis current,
and even the outer loop regulator. An extreme case is that
the converter with AC voltage control is represented by a
negative resistance. In the research scenario of low-frequen-
cy oscillation, the above reduced-order methods can generate
an impedance model with satisfactory performance, but its
accuracy will decay as the frequency of the oscillation prob-
lems increases. Besides, the impedance model integrates all
the dynamics of the converter and thus promotes the effi-
cient stability assessment, but some critical information on
oscillation characteristics, which can indicate the trends relat-
ed to the changes of parameters and operating conditions,
are also hidden in the modeling and analysis process. In es-
sence, this hinders their application. Although the impedance
reshaping by the optimization of the controller parameter has
been applied to the grid-connected inverter and DC system
in [24]-[26], it is difficult to accurately determine the imped-
ance intersection frequency and phase margin, which are re-
quired in phase compensation, and it is also difficult to ob-
tain a clear adjustment direction of compensator parameters.
Besides, such a remodeling method requires that the input
impedance of the inverter has no right half plane (RHP) ze-
ros, which leads to some application limitations.

From the perspective of stability assessment and enhance-
ment using the impedance analysis, especially in the parame-
ter design of active damping, it is often desirable that the
complex full-order impedance model can be approximated
by a reduced-order formulation, and the method for parame-
ter adjustment to improve stability can be revealed.

Motivated by the above requirements, this paper proposes
a method based on reduced-order impedance and damping
factor sensitivity to design the parameter in the active damp-
ing strategy of the load converter station. The main contribu-
tions are drawn as follows.

1) Based on the detailed DC-side small-signal impedance
modeling of the load converter station, the order reduction
conditions of model are analyzed, and the reduced-order im-
pedance models under the power and AC voltage control as
well as the impedance characteristics are then investigated.

2) Taking the DC-side current as the feedforward state,
the active compensators applied to the load converter station
are deduced from the parallel virtual resistance, and the DC-
side reduced-order impedance models are given with addi-
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tional active damping corresponding to two control modes.

3) By using the reduced-order impedance models and the
damping factor sensitivity, a method to design the parame-
ters of the deduced active compensators is further proposed.

The remainder of this paper is organized as follows. Sec-
tion II introduces the full-order small-signal impedance mod-
el formulated by state-space equations, the order reduction
conditions of impedance model, and the DC-side reduced-or-
der impedance models in two control modes. Section III
presents the derivation process of active compensators ap-
plied to the load converter station, the corresponding imped-
ance models, and the parameter design method based on the
damping factor sensitivity. The case studies are discussed in
Section IV, and Section V concludes this paper.

II. IMPEDANCE MODEL OF LOAD CONVERTER STATION

The typical formulation of load converter station connected
to an active network and passive network is shown in Fig. 1(a),
where the active network is represented by a Thevenin equiv-
alent circuit with an equivalent internal impedance of R, and
L,, whereas the passive network is equivalent to the imped-
ance Z,, In the common part of the two application scenari-
os, C, is the DC-link capacitor; R; is the equivalent resis-
tance at the bridge side; and L, and C; are the filter inductor
and capacitor, respectively.

! Load converter!

lge g Active network AQCE station !
— . ) = ) | :
* 5L L «(S) |
L =, L s e Ry T SO ()
Co=z=uty, *@ lRf C: Zigad ‘ Zin(s) ilg(s)i
U L Passive network —r———

(a) (b)
Fig. 1. Basic structure of load converter station and its equivalent circuit.

(a) Basic structure of load converter station. (b) Small-signal equivalent circuit.

A. Full-order Small-signal Impedance

In three-phase stationary coordinates, the AC- and DC-
side dynamics of the converter station can be described as:

SLfIsabc :_Rflsabc + Ucabc - Usabc (1)
= g
Scsudc =lge— Isachcabc/udc
where I, U, and U, are the vectors of three-phase cur-

rent, the output voltage of converter, and the grid-side volt-
age, respectively; and u,, iy, and s are the DC-side voltage,
DC-side current, and Laplacian operator, respectively.

By introducing the park transformation matrix (d-axis lags
g-axis) in (1) and linearizing it at a given equilibrium point,
the small-signal equations of the main circuit for the load
converter station in dg coordinates can be obtained as:

SLiAI=—R A+ LAl + Auy—Au,
SLiAi, =—RAi,— w,LiAi,+Au,,—Au,
SC AU =Aigo— APy + Tge9Att o/t

2

where i, u,, and u, are the filter inductor current, output volt-
age of converters, and grid-side voltage, respectively; sym-
bol A denotes a small-signal change in a variable; subscripts
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d and ¢ denote the d- and g-axis values, respectively; sub-
script 0 denotes the steady-state value of state variables; w,
is the angular frequency of the utility grid; and AP=
150 o At oy + o Ay + 1o At o + 11 g AL ).

According to the power stage model in (2), we have:
Auy =G, (5)Aiy,+ G, ()Aiy + G (5)Au,+ G, (S)Aiy, + G5 (s)Au,,

sq0 cq0

3)
G ()= AAZ;:: - sud:?:c—doidco
G, ()= AA?:: - sudcouéi:o— L4eo
e T e @
G,(s)= AAL;:: - sud:zzlc—qoidco
O e
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Combined with the classic configuration of the power con-
trol scheme, the small-signal model of the load converter sta-
tion is shown in Fig. 2, where G|, (s) is the low-pass filter
of a measurement that can be added on demand; P and Q
are the active and reactive power, respectively; superscript *
denotes the reference value; G, (s) and G,(s) are the outer-
and inner-loop regulators, respectively; and k,,,, and T are
the modulation gain and switching cycle, respectively.

By using state-space representation, the small-signal mod-
el of the load converter station with power control can be
formed as:

sAx,, = A, Ax, .+ B, Au,

Ay,.=C, Ax, +D Au, ®)

where Ax._, Au

pe?

. and Ay are the state vector, input vector,
and output vector, respectively; and 4,.,B,.,C,., and D, are
the state matrix, control matrix, output matrix, and direct
transfer matrix, respectively. The expressions of these matri-
ces can be easily derived by (2)-(4) and the control loop,

which are not listed in this paper owing to space limitations.

Aige | Aug, Aig, | Aug,
Au [Gy9)] [Gy9)] [G4)] [Gs9)]
N Ai, 0o T o |Auy
L5 1/(Rr+st)}—°"{ G,(s) P O—HO—HO—HE) ‘
d

{u(nﬂ)H 0.5u49 F—

R e U —

Fig. 2.

Small-signal model of load converter station with power control.

Let Au,, represents the observed quantity, then the transfer
function form of equation (5) can be derived as:
Auy,
Au

pc

H(s)=

=C,(sI-A4,)'B,.+D, (6)
where I is the unit matrix. Let Ai,, represent the input quanti-
ty, the DC-side full-order small-signal impedance can be de-
rived as Z ()= Auy./Ai.

Remark 1: comparing the capacities of the MTDC distribu-
tion system and AC transmission system, the load converter
station connected to the active network can be considered to
be connected to a strong AC source. Its equivalent internal
impedance is small, and the system frequency is highly sta-
ble. With this assumption, u,,, can be regarded as a constant,
i.e., Auy,=0, and the phase-locked loop (PLL) has little ef-
fect on the small-signal stability of the DC system [27]. To
obtain the small-signal model and impedance model as con-
cisely as possible, the performance of the PLL is considered
extremely ideal, and its modeling process is neglected. The
full-order impedance model of the load converter station

with AC voltage control, namely Z , (s), can be obtained us-
ing a similar process. However, the derivation involves
many state variables and the inverse operation of the matrix,
which means that the analytical expression with symbolic
variables is still complicated and difficult to deal with.

B. Reduced-order Impedance with Power Control

It is well-known that MTDC, which is a typical power
electronic-based system, has a two time-scale property in na-
ture. To achieve the efficient analysis of the low-frequency
phenomenon, this section investigates the low-complexity
DC-side small-signal impedance model of the load converter
station. As shown in Fig. 2, the order reduction conditions
can be summarized as follows.

1) The digital control delay 1/(7s+ 1) usually has a large
bandwidth, and we can assume that it only affects the imped-
ance in the high-frequency band, while in the low-frequency
band, it can be equivalent to the unity gain.

2) The dg-axis current controller prompts Ai,, and Ai,, are
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*

independently controlled by Ai;, and A, and the term w,L,
in decoupling feedforward and AC-side dynamics can be re-
moved. This approach is usually adopted in literature for the
convenience of analysis [28].

3) The dynamic of the capacitor voltage relies on the pow-
er balance between the AC and DC sides, which essentially
comprises a multi-input multi-output segment. A common
use is to neglect the Au,, and Ai,, and only Ai, is pre-
served to determine AP [21].

After these simplifications, we can obtain:

(AP* - ichAudc - uchAidc )Gp (S): Al:d

sq°

(Ai:d -Ai,)G, (S)kpwm + 0'5u:d0Audc =ZAi, (7
Ai G (5)+ Al G, (5)=Auy,
where Z;=R+sL,.
Removing the intermediate variables Ai , and Ai., the DC-
side impedance Z,,=Au,/Ai, can be expressed as:
Z (S)= G2 (S)(Zf+ Gi (s)kpwm )_ Gl (S)udCOGp (S)Gi (S)kpwm
pe! Zf+ Gi (S)kpwm + Gl (S)(idCOGp (S)Gi (S)kpwm - O'Su:dO )
)

Obviously, the order reduction above is a truncation ap-
proach, which is too rough to guarantee the accuracy of the
impedance model as the g-axis control still has a certain im-
pact on the d-axis control. A preferred approach is to approx-
imate the dynamics of Au,,, and Ai,,, as much as possible.

When the load converter station adopts the unity power
factor control, namely i ,=0, we have:

sdq

T 7 0,ueyg#0,i,0=0

G, (9)#0,G,(5)%0,G(5)=0 )

Even without configuring the unity power factor control,
the influence of Au,, can still be ignored as long as the reac-
tive current is small enough, and then (2) can be rewritten

as:
Aucd = (Zf+ wéLf/Zt )Aisd = Ucdtpc (S)Aisd

10
Ai, =~ LyZ:Ai, =1, . (S)Ai, (10)

After Au,, and Ai_, are represented by Ai,, the small-sig-
nal model of the load converter station with power control
shown in Fig. 2 can be simplified, as shown in Fig. 3(a). By
performing order reduction in this way, the DC-side imped-

ance Z, (s) can be expressed as:
_udCOGp (9)H, (5)+ G, (s)
Ze = 9 (h
H _ G, (S)kpwm (G, (s)+ Ucd,pc (5)G; (S)+Isq4pc ()G, (s)
()= G (Y pum+Z;
0.5u° (12)
H,(s)= ﬁ - ichGp (s)

Remark 2: if the control scheme is configured with the
low-pass signal filters, as shown in Fig. 2, the corresponding
reduced-order impedance model can be obtained by inserting
the block marked with red dotted lines into the feedback
loop of Fig. 3(a).
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(b)

Fig. 3. d-axis control block diagram of load converter station. (a) With
power control. (b) With AC voltage control.

C. Reduced-order Impedance with AC Voltage Control

The load converter station connected to the passive net-
work needs to establish the AC-side voltage by itself. The
AC voltage is significantly affected by the load current,
which means the approximation applied to AC voltage con-
trol is different from that applied to power control. Under
the assumption that the passive network is equivalent to Z,
the dynamic state of the passive network can be expressed as:

Aiy=sCiAuy,— 0 Cillu,+ AuyjZ,

Aiy =ity + 0oty + Attyy)Z (13)

Considering that the capacity of the filter capacitor C, is
small, the coupling effect caused by the filter is ignored, and
the d-axis voltage can be simplified as:

. Zload _

AlSdS(:fZload-'—l - (14)

Similar to the load converter station with power control,
Au,, and Ai, can be represented by Ai , using (15):

Aucdz Ausa’+ ZfAisd_ wOLfAisq = Ucd.vc (S)Aisd
Ai, =~ LyZ:Ai,=1, . ()AL,

sq,ve

Au sd— Usd. ve (S)Aisd

(15)

Combined with the scheme of AC voltage control, the
small-signal model of the load converter station can be sim-
plified as shown in Fig. 3(b), and then its equivalent DC-
side impedance is given by:

_ Auy G, (s)
G B A OTA O
kG ()G (5)
Gi (s)kpwm (1 + Usd, ve (S )Gu (S)) + Z f + (1 - kpwm )Usd. ve (S)
Fy(9)= G (9)+ G (e () + Gy () e (5)

3 0.5u.,
F3 (S) B kpmeu (S)Gi (S)

(16)

Fi(s)=

a7)
It should be noted that the impedance composition of the
load converter station with AC voltage control is different
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from that with power control. Its characteristics are summa-
rized as follows.

1) G,(s), G,(s), and G,(s) all possess the low-pass charac-
teristics such that F,(s) demonstrates the similar amplitude-
frequency characteristic and its cut-off frequency is
Iao/(t140Cy ). According to the rated voltage and power of the
MTDC system employed in Section IV, the cut-off frequen-
cy is less than 10 Hz, and the amplitude gain within the cut-
off frequency can be approximated as: 1.5u,/ig+

1 'SZIQad ist/idCO'

2) Neglecting the effect of filter capacitor and inductor,
U (s) and U, (s) can be approximated by Z,, and Z,,+
Z,, respectively, where Z, is very small compared with Z,,,
and it can be further ignored. Therefore, the denominator of
F\(s) is approximately equal to Z,,, (1 k., + G, ()G, (s)k,
where the amplitude is much greater than that of F, (s).

3) The denominator of F,(s)F;(s) is the same as that of
F,(s), and its numerator is 0.5u., (roughly equivalent to 0.2
at rated voltage). When the frequency is below the cut-off
frequency of F,(s), the amplitude of F,(s)F,(s)F;(s) is
much less than 0.2, and when the frequency is higher than
the cut-off frequency, the amplitude of F,(s)F,(s)F;(s) is
close to zero.

Based on the above analysis, the denominator in (16) is sim-
plified as constant 1, and the DC-side impedance of the load
converter station with AC voltage control is approximated by:

Z.,(5)=G,(s)=

pwm )9

U geo
140 Cs = T4

_ e o 1
- ich // SCS (18)
We can observe that (18) is essentially an impedance ex-

pression of the negative resistance —u /iy, in parallel with a

capacitor. Compared with the negative resistance derived di-
rectly from the Taylor expansion of i= P, /u,., the simplifi-

cation above indicates the origin of the negative resistance
from the perspective of detailed impedance modeling.

Remark 3: through the impedance modeling of the load
converter station, the small-signal equivalent circuit of the
MTDC distribution system can be obtained as shown in Fig.
1(b), where the subsystem of the load converter station is
represented by the input impedance Z, (s) (namely Z,(s) or
Z..(s)) and parallel current source /,(s), whereas the back-
ground subsystem is equivalent to a Thevenin circuit consist-
ing of a voltage source V,(s) in series with an output imped-
ance Z,, (5).

III. REDUCED-ORDER IMPEDANCE MODEL WITH ACTIVE
DAMPING AND SENSITIVITY-BASED PARAMETER DESIGN
METHOD

Active damping is generally realized by adding a compen-
sator in the control loop with state variables feedforward or
feedback, thus adjusting the impedance of the load converter
station. In the cascade system shown in Fig. 1(b), if the
equivalent loop gain meets the Nyquist stability criterion,
the small-signal stability is guaranteed. Considering this, the
load converter station also has the potential to participate in
the damping configuration. Therefore, the application of the
active compensator to the load converter station using DC-
side current feedforward is introduced in this section, and a
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parameter design method based on the damping factor sensi-
tivity is also derived.

A. Reduced-order Impedance with Active Damping

To facilitate the design of an active compensator, the
small-signal diagrams of the power and AC voltage control
are simplified as shown in Fig. 4, where the modulation pro-
cess, sampling delay, and signal filter are removed from the

original, and we have
Z wiL?
P — 1 load 0~f
O(S) 5ucafO+ (Sclenad+ 1 + Zf

1.5 gy + Zygeql Sty

+7Z;

1.5~

R

vir !

L”’( 1/Z\fir :"J

(®)

Fig. 4. Active damping of load converter station using DC-side current
feedforward. (a) With power control. (b) With AC voltage control.

Take the load converter station with power control as an
example. To achieve the virtual configuration of damping
branch Z, in parallel with the DC-link capacitor, the active
compensator can be obtained by the following two steps.

1) Equivalent Transformation

This step aims to acquire the compensator that is exactly
equivalent to the damping branch Z ;. Move the feedforward
point from the part of the physical circuit to the outer con-
trol loop and the sampling point from Au,, to Aiy, the equiv-
alent transformation of Z,, i.e., D (s) marked by the blue

dotted line, can be expressed as:
D )= UgeoZoq 1.5 G, (5)G () + G () + Z; _
amp-pe Z L.5u,,G, ()G (s)
”chZeq 1+ G (s)+Z;
Z,, l'suchGp ()G (s)

amp, pc

vir

(20)

2) Simplified Implementation

This step aims to generate a practical compensator. As the
inner current loop is generally configured with a large band-
width, G, (s)(G;(s)+Z;) can be regarded as a unity gain. To
prevent the change of the steady-state operating point caused
by the potential DC gain of the compensator, there are two
methods to be selected: (D configuring an additional filter to
remove the DC component, such as a high-pass and band-
pass filter; and (2 deleting the DC gain directly. To facilitate
the implementation of the compensator, the second method
is employed in this section, and the term u,,Z./Z,, is re-
moved. Thus, the compensator in (20) is finally reduced
with a high-pass filter to the following form:
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1 kes
Damp, pe (S) = 5

uchZeq o
L5u,G,(s) s+,

7 @1

After the compensator in (21) is added to the load convert-
er station with power control, according to Fig. 3(a), the re-
duced-order impedance model with active damping is ex-
pressed as:

vir

g+ Doy e ()G, (H, (5)+ G, ()
1—H, (s)H,(s)

Similarly, the equivalent transformation of Z, used as the

compensator with AC voltage control is exactly determined as:

210G ()G ()

SCiZa+ 1
Py ()G, (5)G;(s)

If the filter capacitor is not considered, the active compen-
sator can be simplified initially. By removing the inner cur-
rent loop and DC gain, the compensator can be further ob-
tained as:

Z o, amp (8) = (22)

Z:+ G (s)+
eq

dcO Z
Z

vir

Damp, ve (S) = . (23)

é (S) = uchZeq Zf+ Gi (S) + ZloadGu (S)Gi (S) _
e Zvir (1 'Sucdo + Zloadl '5isd0 )Gu (S)Gi (S)
taoZq 7 LG |
2 (1.5u gy + Z, 41514 ) foad G, (S)Gi (S)
uch Zcq Z 4 1 N kfz S
Zvir (l'sucd()+zload1'5isd() ) foad Gu (S) S+CU“2
(24)

According to Fig. 3(b), the reduced-order impedance mod-
el with active damping applied to the load converter station
under AC voltage control is given as:

G ()= Dopc (S)F, ()F 5 (5)
1-F, (S)Fz (S)F3 (S)

Remark 4: The above derivation process explains the ori-
gin of the compensator employed in this paper. Although the
input impedance of the load converter station is remodeled
after configuring the active damping, the reduced compensa-
tor is no longer exactly equivalent to the expected damping
branch, and the suitability of the damping branch remains to
be determined.

Zvcl,damp (S): (25)

B. Parameter Design Based on Damping Factor Sensitivity

In the framework of impedance analysis, a parameter de-
sign method is proposed based on damping factor sensitivity
and the equivalent cascade circuit shown in Fig. 1(b), where
Z, (s) represents the input impedance of the load converter
station with the active compensator configured. The current
Ai,, flowing from the background subsystem to the load con-
verter station is expressed as:
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i = (V) +1,()Z, ) Y Zoa()+ Zu(5))  (26)

Given that the background subsystem is stable when un-
loaded, and the load converter station is stable when the
background subsystem is short-circuit, i.e., V,(s) and /,(s)
have no unstable poles, such that the stability of the current
depends on Z,, (s) and Z,, (s). Note that the two assumptions
made here are more relaxing than the classical assumptions
of impedance analysis [15]. According to the pole distribu-
tion of Z ,(s) and Z,, (s), there are two cases that need to be
treated differently.

1) Case I1: Both Z,(s) and Z,,(s) Have No RHP Poles

In this case, both Z, (s) and Z, (s)=Z,,(s)+Z,(s) have
no RHP poles, and the stability of the current depends on
the stability of the second term on the right-hand side of
(26). If Z,,, (s) has no RHP zeros, then the system is stable.
An approach commonly employed to assess the stability is
to determine whether the Nyquist curve of Z,, (s) surrounds
the point (0, jO) [29].

Denote the intersection of the Nyquist curve of Z,, (s)
and the real axis as the resonance point. Thus, the real part
at the resonance point is defined as the damping factor:

Ry=Re(Z,, (jo,)) 27)

If R;<0, the Nyquist curve of Z, (s) will surround the
point (0, jO), thus indicating that the system is unstable. On
the contrary, R,>0 indicates that the system is stable. The
value of R, also represents the damping strength at the corre-
sponding resonance point, which means that R, has the func-
tion to guide the design of a satisfying compensator.

To achieve the sensitivity of R,, Z,(s) should be ar-
ranged and its imaginary part can be further expressed as:

iA,.a)"
[ _ i=0

mT
S
i=0

where n is the degree of the numerator plus that of the de-
nominator in Z,,(s); and 4, and C, denote the coefficient
terms after reorganization.

By solving /,,=0, we can obtain the resonant frequency w,,
and the damping factor at the resonant point can be given as:

n
i
2 B,
_ =0
d— 5
i
zcia)m
i=0

where B, is the corresponding coefficient terms.
The sensitivities of R, to parameters k; and w, used in the
compensator can be expressed as:

otal

(28)

R 29)
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Given that the compensator is configured by a group of
initial parameters, if the system is still unstable, then the
compensator parameters can be adjusted according to the di-
rection indicated by the damping factor sensitivity. More spe-
cifically, the compensator parameter should be increased ac-
cording to the setting step size when its damping factor sen-
sitivity is greater than zero; otherwise, the compensator pa-
rameter should be decreased. After the multi-step adjustment
until R,>0, it is necessary to verify the response of the MT-
DC distribution system by configuring the compensator. If
the response satisfies the requirements (such as response
speed, overshoot) under the designed operating conditions,
then the adjusting process ends and the appropriate compen-
sator parameters are finally obtained. Such a process is simi-
lar to using the eigenvalue sensitivity of the state-space mod-
el to search for reasonable controller parameters.

2) Case 2: Either Z,,(s) or Z,,(s) Has RHP Poles

Either Z, (s) or Z,,(s) has RHP poles, and the premise of
using the damping factor R, to determine the system stabili-
ty does not exist, i.e., V (s)+1,(s)Z,(s) and Z,, (s) have no
RHP poles, indicating that the method based on damping fac-
tor sensitivity is no longer valid. To ensure the applicability
of the proposed method, supposing Z, (s) or Z,,(s) has an
RHP pole p,, we can rearrange (26) into the following for-
mulation.

1
Zu©+ 2, )
Whether p, is the RHP pole of Z, (s) or Z,,(s), it is obvi-
ous that the first term on the right-hand side of (32) is sta-
ble. More specifically, if p, is the RHP pole of Z ,(s), it
does not affect the stability of the first term. If p, is the
RHP pole of Z,(s), the pole is compensated by the corre-

S+p, (32)

Aiy = [( V($)+1,(5)Z, (S)) ° —Px}
(

sponding zero of the same value. Thus, Zlml (s) in (33) has
the same stability characteristic as the original system.

2o )= (Zo () + Z,, (s)) S P

S+p, (33)

Based on the above zero-pole compensation, there are no
RHP poles in Z,,, (s) such that the system stability and com-
pensator parameter adjustment can be determined by the
damping factor and its sensitivity. In a more general sense,
if there are multiple RHP poles in Z,,(s) and Z,(s), only
multiple zero-pole compensations are required. By using the

damping factor sensitivity, the flow chart of the adjusting
process for the parameters of the active compensator is sum-

marized as shown in Fig. 5.
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Make zero-pole compensation for
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Increase X with
setting step size

Decrease X with
setting step size

[

I

v

Calculate damping factor Ry

s verification
qualified?

Fig. 5.
tor.

Flow chart of adjusting process for parameters of active compensa-

Remark 5: in the stability assessment obtained by using
the impedance analysis, the equivalent circuit of the load
converter station can be flexibly selected on demand. For
convenience of analysis, the load converter station in two
control modes is represented by the Norton equivalent cir-
cuit. As shown in (22) and (25), since the compensator de-
rived in Section III-A does not change the existing pole dis-
tribution of Z,,(s) after the configuration, all unstable poles
in Z, (s) and even Z ,(s) can be calculated in advance simul-
taneously.

IV. CASE STUDIES

To verify the performance of the derived reduced-order
impedance model and the parameter design method based on
damping factor sensitivity, a three-terminal 10 kV DC dis-
tribution system, as shown in Fig. 6, is employed in this sec-
tion, of which the parameters are given in Table I, where £,
and k, are the proportional and integral parameters, respec-
tively. The rated capacities of stations 1 and 2 are 20 MVA
and 10 MVA, respectively.

ZOUL(S) Zin(s)
Station3  Zjoi  Zjyer Ldﬁ( Z, U
| T =7 = ] 5 !
:‘\}@4:4@ C 1 Cy %@D{D@Ai
Lo Z; T — e T % —
; Zinel || Ziner Lo % Station1 T '
; Ly Zyiney
ol
Lz, i
‘ Station 2 La Ziine2 Background}iLoad converter

subsystem I subsystem

Fig. 6. Structure of three-terminal DC distribution system.
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TABLE I
PARAMETERS OF MTDC DISTRIBUTION SYSTEM

Parameter Value
Resistance of DC cable line in unit length 0.194 Q/km
Inductance of DC cable line in unit length 0.625 mH/km
Resistance of inverter Z; 1.3 mQ
Inductance of inverter Z; 3.22 mH
Current limiting reactor L 4 mH
Direct current capacitor C, 1500 pF
Filter capacitor of AC side C, 10 pH
k, of outer power loop 0.1
k; of outer power loop 10
k, of outer voltage loop 0.2
k, of outer voltage loop 10
k, of inner current loop 5
k, of inner current loop 80
Switching frequency 5000 Hz

A. Verification of Reduced-order Impedance Model

To verify the accuracy of the derived reduced-order mod-
el, the frequency sweep results of the DC-side impedance
are taken as the reference. Figure 7(a) shows the comparison
between sweep results S, and the derived reduced-order im-
pedance model with power control with and without damp-
ing, whereas Fig. 7(b) corresponds to the AC voltage con-
trol. The reduced-order impedance model agrees well with
the frequency sweep results in the low- and middle-frequen-
cy bands. Owing to the neglect of the digital control delay,
there is only a slight difference in the high-frequency band
for the power control and AC voltage control with active
damping. These results demonstrate the effectiveness of the
derived DC-side reduced-order impedance models of the
load converter station.

A further comparison of the reduced-order impedance
models obtained by different methods is shown in Fig. 8.
With respect to the power control, Z,, (s) is accurate only at
low frequencies compared with the full-order impedance
Z,,(s) because the physical quantities Au,, and Ai,, are ig-
nored, which implies that the derviation method of Z,, (s) is
inappropriate. As for the AC voltage control, there is little
difference between the full-order impedance Z, . (s), the re-
duced-order impedance Z,,(s), and the negative resistance
parallel with capacitor denoted by Z, ,(s), which is consis-
tent with the theoretical analysis results. However, such a
simplified impedance model represented by Z, ., (s) is invalid
when considering the effect of the active compensator. It is
worth noting that the input impedances corresponding to two
control modes of load converter station both have an RHP
pole, so the zero-pole compensation is required when the
damping factor sensitivity is applied to the adjustment pro-
cess of the compensator parameters.
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B. Verification for Parameter Design of Active Damping

For the load converter station with power control, Fig. 9(a)
shows the variation in the values of the damping factor sensi-
tivity with the compensator parameter w,, and Fig. 9(b) de-
picts the values of the damping factor, whereas Fig. 10 corre-
sponds to the compensator parameter k. When the active
compensator is not employed (k,=0), R, is less than 0 and
the system is unstable. When the compensator is enabled (k;
is a nonzero constant), R, increases at first and then decreas-
es as o, increases. The sensitivity values of R, indicate the
increase and decrease speeds, which are highly consistent
with the variation of R,. Let w, be a constant, the sensitivity
of R, to k; also exhibits a similar performance, which indi-
cates that the proposed damping factor sensitivity can be
used in the design of compensator parameters.

G L6 ey
=
Z 12
< ] Enhanced
3 stability
2 4 ®,=330 rad/s
2
R Ll Weakened
§ 4 stability
0 200 400 600 800 1000
w, (rad/s)
(a)
Enhanced Weakened

012 stability stability

0.08 | :
L 004t ' @,=330 rad/s

<l ;
=108 rad/s ~ ©,=887 rad/s
-0.04 + n '
_0'080 200 400 600 800 1000
w, (rad/s)

(b)

Fig. 9. Sensitivity of damping factor R, to @, and values of R, under pow-
er control. (a) Sensitivity of R, to e,. (b) Variation of R, with w,.

N; 7.4 3 5 Enhanced stability _
= 72 :
& Enhanced 23
© 7.0 " =
= stability < 1.5
£ 68 0.5
2 ke=3.5 ,
3 6.6 05—
0 10 20 30 40 50 0 10 20 30 40 50
f ke
(a) (b)
Fig. 10. Sensitivity of damping factor R, to &, and values of R, under pow-

er control. (a) Sensitivity of R, to k. (b) Variation of R, with k;.

To further illustrate the significance of the damping factor
sensitivity, the sensitivity of the dominant eigenvalue in the
state-space model is used as a comparison. Figure 11(a) and
(b) shows the sensitivity of the real part of dominant eigen-
value to the compensator parameter w, and the trajectory of
the real part of dominant eigenvalue with the change of w,,
respectively, whereas Fig. 12 corresponds to the compensa-
tor parameter k.. It is well-known that the real part of the
dominant eigenvalue reflects the asymptotic stability of the
system. When the real part of the dominant eigenvalue is
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less than 0, the system is stable, which is the opposite of
judging stability by R;>0.

As shown in Figs. 11 and 12, the change trends of the sen-
sitivity and dominant eigenvalue (real part) are opposite to
those shown in Figs. 9 and 10, respectively, and the stability
limits are completely consistent. Therefore, the damping fac-
tor sensitivity and the eigenvalue sensitivity are equivalent
to some extent. However, the latter solution relies on a com-
plete state-space small-signal model, while the former em-
ploys the reduced-order impedance model, which is easy to
adopt.

o
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> o
g O b e T e stability
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0 L '
5 !
.L%" sl a)n=:330 rad/s
3.0 : j
0 200 400 600 800 1000
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(b)
Fig. 11.  Sensitivity of dominant eigenvalue to e, and trajectory of domi-

nant eigenvalue under power control (k=5). (a) Sensitivity of dominant ei-
genvalue to o,. (b) Trajectory of real part of dominant eigenvalue.
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Fig. 12. Sensitivity of dominant eigenvalue to k; and trajectory of domi-
nant eigenvalue under power control. (a) Sensitivity of dominant eigenvalue
to k. (b) Trajectory of real part of dominant eigenvalue.

By combining different parameters, Table II summarizes
different compensators and their small-signal stability, where
the red part indicates that the system is stable.

TABLE 11
DIFFERENT COMBINATIONS OF COMPENSATOR PARAMETERS AND THEIR
SMALL-SIGNAL STABILITY

Transfer function of compensator

o, (rad/s)
k=3 k=4 k=5
100 35/(s+100) 4s/(s+100) Ss/(s+100)
200 35/(s+200) 45/(s+200) 5s/(s+200)
330 3s/(s+330) 4s/(s+330) 5s/(s+330)
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Figures 13 and 14 depict the time-domain simulation re-
sults under the power disturbance of station 1 with different
combinations of compensator parameters. When ¢=1.0s, the
power step reaches 20 MW, and the DC voltage and current
start to diverge and oscillate, such that the system loses sta-
bility. After the designed active compensator is enabled, the
time-domain simulation results are consistent with the analy-
sis result using the damping factor. When the designed com-
pensator is enabled, R, is greater than zero, and thus the oscil-
lation converges gradually; otherwise, it continues to diverge.

5y PE1OMW P,=20 MW
21y :
S 19F
g 18} :
S 17t : :
16} 3 ™ Enable damping 5s/(s+100)
15 : i
09 10 11 12 13 14 15
1(s)
(@)
P=10 MW P,=20 MW
1.8 :
< 14t
2 1.0}
[}
£ 0.6} 3
o “NEnable damping 5s/(s+100)
0.2 i i ‘ ‘ . :
09 10 1.1 12 13 14 15
1(s)
(b)

Fig. 13. Simulation results of step response when station 1 employs power
control with active compensator 5s/(s+100). (a) DC-side voltage. (b) Input
current.
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% 20 1
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16 }\Enable damping 4s/(s+330)
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0.9 1.0 1.1 1.2 1.3 1.4 1.5
1(s)
(@)
P=10 MW P=20 MW
1.8 :
< 14 ‘
= 1.0
[
E 0.6 |
S “NEnable damping 4s/(s+330)
0.2 : : - - - '
0.9 1.0 1.1 1.2 1.3 1.4 1.5
1(s)
(b)

Fig. 14. Simulation results of step response when station 1 employs power
control with active compensator 4s/(s+330). (a) DC-side voltage. (b) Input
current.

Considering the actual requirements of damping and re-
sponse speed, the appropriate compensator parameters are
obtained after the multi-step adjustment and verification,
namely, 33s/(s+330). Figure 15 illustrates the Nyquist curve
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of Z.a(s), and its stability assessment result is consistent
with that obtained by using R,. Figure 16 depicts the time-
domain simulation result under the power disturbance of sta-
tion 1. Both the stability and response speed can meet the re-
quirements.

60

30

Imaginary axis
S

s 0 5 10 15 20 25 30 35
Real axis
—> With damping; — Without damping

Fig. 15. Nyquist plots of Z,, under power control with active compensa-
tor 33s/(s+330).
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Fig. 16. Simulation results of step response when station 1 adopts power con-
trol with active compensator 33s/(s+330). (a) DC-side voltage. (b) Input current.

Figures 17-20 show the analysis and simulation results of
load converter station with AC voltage control, and the phe-
nomenon is consistent with the power control, which is not
explained in detail because of limited space.
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Fig. 17. Sensitivity of damping factor R, to w, and value of R, under AC
voltage control (k,=5). (a) Sensitivity of R, to w,. (b) Value of R, with @,
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Fig. 18. Sensitivity of damping factor R, to k, and value of R, under AC
voltage control. (a) Sensitivity of R, to k. (b) Variation of R, with k.
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Fig. 19. Nyquist plots of Z,, under AC voltage control with and without
active compensator 10s/(s +410).
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Fig. 20. Simulation results of step response when station 1 adopts AC volt-
age control with active compensator. (a) DC-side voltage. (b) Input current.

With the power control employed in both stations 1 and 2,
the comparison with and without active damping is shown in
Fig. 21. Figure 22 shows the comparison with and without
active compensator when station 1 employs AC voltage con-
trol and station 2 employs power control. When the active
compensator is not enabled, the DC voltage and current have
resonant oscillations because of the power fluctuations. Once
the active compensator is put into operation, the resonance
oscillation on the DC side is effectively suppressed, and the Fig. 22.

lustrates the effectiveness of the designed active compensator.
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Voltage and current dynamics of system when stations 1 and 2
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C. Hardware-in-the-Loop (HIL) Experiments

The control HIL experiment, as an efficient test tool wide-
ly used in complex converter-dominated power system, is
adopts to reflect the actual performance of the digital control-
ler with a designed active compensator, which is carried out
based on the digital signal processing (DSP) control board
and circuit simulator, as shown in the Appendix A. The pa-
rameters used in the circuit simulator and the digital control-
ler are shown in Table III. It should be noted that owing to
the limitation with respect to circuit simulators, the simula-
tion step is set up to 20 ps and the sampling interval is
30 us. Compared with the off-line simulation using MAT-
LAB/Simulink, the simulation step and sampling interval of
the HIL experiment are significantly increased. Even though
the main circuit parameters remain unchanged, the PI param-
eters are still required to decrease owing to the increase in
the integration time step.

After the multi-step parameter adjustment using the pro-
posed method based on impedance and damping factor sensi-
tivity, the compensator parameters of a load converter station
with power control and AC voltage control are designed as
34s/(s+340) and 10s/(s+410), respectively. Figures 23-26

show the experimental results for station 1 with two control
modes, which are obtained by setting the power step from
10 MW to 20 MW at the load converter station. The perfor-
mances are consistent with the off-line simulation results,
where the divergence oscillation of the DC voltage and cur-
rent converges rapidly after the compensator is enabled. If
the active compensator is configured from the beginning, the
voltage and current do not oscillate and diverge.

TABLE III
PARAMETERS OF HIL EXPERIMENT

Parameter Value
k, of outer loop (power control) 0.1
k; of outer loop (power control) 10
k, of outer loop (AC voltage control) 0.2
k, of outer loop (AC voltage control) 10
k, of inner loop (power control) 3
k, of inner loop (power control) 10
k, of inner loop (AC voltage control) 4.6
k; of inner loop (AC voltage control) 10
Simulation step 20 ps
Sampling interval 30 ps
Switching frequency 2500 Hz
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Fig. 23. Experimental results of step response when station 1 adopts pow-
er control (enable damping).
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Fig. 24. Experimental results of step response when station 1 adopts pow-
er control (with damping from the beginning).
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Fig. 25. Experimental results of step response when station 1 adopts AC

voltage control (enable damping).

Voltage |
s £ .
53 I
zZ |
S ;
) :g Current i
e /
S 2 !
P=10 MW ! P =20 MW
Time (400 ms/div)
Fig. 26. Experimental results of step response when station 1 adopts AC

voltage control (with damping from the beginning).

V. CONCLUSION

Starting from the DC-side small-signal impedance model-
ing of a load converter station, this paper investigates the ap-
plication of reduced-order impedance models and an effec-
tive active compensator to power control and AC voltage
control. In the framework of impedance analysis, a method
based on reduced-order impedance and damping factor sensi-
tivity to design the compensator parameter is further pro-
posed. The accuracy of the derived reduced-order model and
the effectiveness of the proposed method are verified by the
three-terminal DC distribution system using a time-domain
simulation and frequency-domain analysis. Some conclu-
sions are derived as follows.

1) The reduced-order model of the load converter station
should take into account the input quantity of the power
stage as much as possible.

2) The characteristic of damping factor sensitivity is simi-
lar to that of eigenvalue sensitivity, which possesses the
function of indicating the direction of stability enhancement
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with a change in the compensator parameters.

3) The parameter design method based on damping factor
sensitivity is compatible with the framework of impedance
analysis, such that it can be easily implemented in nature.

Fig. Al

[1]

[10]

[11]

[12]

[13]

APPENDIX A
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