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Abstract—Mid- and high-frequency resonance (MHFR) is
highly likely to occur at the sending end of voltage source con-
verter-based ultra-high voltage direct current (VSC-UHVDC)
for large-scale renewable energy transmission. It is of great im-
portance to investigate the resonance characteristics and the
corresponding suppression strategies. Firstly, this paper intro-
duces the overall control scheme of VSC-UHVDC for large-
scale renewable energy transmission. Then, the impedance mod-
els of VSC under grid-forming control with AC voltage coordi-
nated control are established. The mid- and high-frequency im-
pedance characteristics of VSC-UHVDC are analyzed. The key
factors affecting the impedance characteristics have been re-
vealed, including the AC voltage control, the voltage feedfor-
ward, the inner current loop, the positive-sequence and nega-
tive-sequence independent control (PSNSIC), and the control de-
lay. The MHFR characteristics at the sending-end system are
analyzed in the whole operation process, including the black
start and the normal power transmission operation. An integrat-
ed control scheme is proposed to address the MHFR problems.
Finally, extensive case studies are conducted on a planned VSC-
UHVDC project to verify the theoretical analysis.

Index Terms—Large-scale renewable energy, voltage source
converter-based ultra-high voltage direct current (UHVDC),
mid- and high-frequency resonance, suppression measure.

I. INTRODUCTION

HE development and utilization of large-scale renew-
able energy serve as an effective means to reduce car-
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bon emissions [1]. Voltage source converter-based ultra-high
voltage direct current (VSC-UHVDC) emerges as an impor-
tant means for large-scale renewable energy transmission,
owing to its advantages such as flexible control and voltage
support for island systems [2], [3]. VSC-UHVDC scheme
will be adopted in several large-scale renewable energy trans-
mission projects in China, such as those from Southeast Ti-
bet to Guangdong, and Gansu to Zhejiang. However, with
high penetration of power electronics, the sending-end grid
is relatively weak, resulting in potential oscillation risks be-
tween the sending-end grid and VSC-UHVDC [4]-[6]. It has
been reported that the resonance problem occurs in two pilot
voltage source converter-based high-voltage direct current
(VSC-HVDC) projects in China, namely, the 59 Hz, 750 Hz,
1550 Hz, and 4000 Hz oscillations in the Zhangbei DC grid
project [1], [7], and the 320 Hz, 2000 Hz, and 2500 Hz os-
cillations in Rudong offshore wind farm HVDC transmission
project [8], [9].

Compared with VSC-HVDC/UHVDC connected to tradi-
tional AC grid or VSC-HVDC connected to renewable ener-
gy, VSC-UHVDC system for large-scale renewable energy
transmission scenarios exhibits two new characteristics.
(D Since multiple converters are connected in parallel on the
AC side in ultra-high voltage (UHV) systems, grid-forming
control with AC voltage coordinated control should be adopt-
ed [10]-[12]. The newly introduced coordinated control,
along with its new control delay feature, will significantly
impact the impedance characteristics, which have rarely been
studied in previous research works. (2) During black start op-
eration mode of the VSC-UHVDC connected to large-scale
renewable energy, the sending-end grid exhibits multiple res-
onance points with capacitance effects across a wide frequen-
cy range, which increases the risk of mid- and high-frequen-
cy resonance (MHFR) [7]. Therefore, it is essential to ana-
lyze the MHFR characteristics of the system and propose ef-
fective suppression strategies.

The interaction between the inductive negative damping
of VSC-UHVDC and the capacitive weak damping of the
AC grid is the main reason for MHFR [13]-[20]. At present,
mainly three kinds of methods are proposed to address MH-
FR, which are control delay reduction, control system optimi-
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zation, and passive damping [14]-[17], [21]-[26]. Reducing
control delay can significantly decrease the risk of MHFR.
But control delay is unavoidable, resulting in inherent nega-
tive damping characteristics in the converter [16]. The situa-
tion is even worse in VSC-UHVDC with AC voltage coordi-
nated control due to a longer and more complex delay fea-
ture. The optimization of the control system primarily focus-
es on modifying the control structure and parameters. Add-
ing low-pass filters, such as second-order low-pass filters
[14], nonlinear filters [15], in the voltage feedforward is one
of the most widely used methods. Whereas filter-based meth-
ods are not suitable for VSC-UHVDC with grid-forming con-
trol, as the interaction between the AC control loop and volt-
age feedforward is neglected. Additionally, reducing the pa-
rameters of proportional integral (PI) controller in the cur-
rent loop is an effective measure to mitigate MHFR [16],
but the design of PI parameters is too experience-relied. Be-
sides, the active damping and adaptive control can also sup-
press MHFR [22]-[24]. However, it can only provide effec-
tive suppression within a limited frequency range and is not
suitable for AC grid with multiple resonance points. To miti-
gate the problem, weak feedback control strategy has been
proposed for Zhangbei and Rudong projects, which lacks
transient current regulation capabilities [7]. Regarding pas-
sive damping, parallel or series passive filters can be utilized
to reshape the impedance of converter [25], [26], at the ex-
pense of increased footprint and cost of the converter station.

In summary, the existing suppression strategies encounter
challenges in addressing the emerging MHFR issues in the
VSC-UHVDC for large-scale renewable energy transmission,
owing to the new characteristics introduced by AC voltage
coordinated control, new control delay feature, and the send-
ing-end grid. Currently, there is a lack of thorough discus-
sion regarding how the aforementioned factors influence the
MHFR characteristics, and an efficient control scheme is al-
so necessary to be proposed. This paper studies the MHFR
characteristics of VSC-UHVDC for large-scale renewable en-
ergy transmission, and then proposes an integrated control
scheme to cope with the MHFR problems in the whole oper-
ation process, including the black start and the normal pow-
er transmission operation of the system. The main contribu-
tions can be summarized as follows:

1) This paper first analyzes the MHFR characteristics of

c-—------,ACline 1

@ | (40 km) |AC line 2
(45 km)
AC line 3| 500 kV AC bus
(26 km)
AC line 4
,,,,,,,,,, (300 km)

Fig. 1.
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VSC-UHVDC for the new scenario. The analysis results re-
veal that AC voltage control associated with its new control
delay feature has a significant influence on the MHFR char-
acteristics. Besides, the high risk of MHFR during black
start operations under closed-loop control is also observed.

2) An integrated control scheme, which consists of a nov-
el impedance reshaping measure and a smooth open-loop
and closed-loop adaptive control strategy, is proposed to ad-
dress the MHFR problem during normal operation and black
start operation, respectively.

The remainder of this paper is organized as follows. Sec-
tion II describes the structure of the large-scale renewable
energy transmission by VSC-UHVDC. Section III presents
the modeling of VSC-UHVDC impedance at the sending
end. Section IV analyzes the impedance characteristics of
the VSC-UHVDC. Section V proposes the impedance reshap-
ing measures. Section VI evaluates the risk of MHFR be-
tween the sending-end grid and the VSC-UHVDC. Section
VII proposes smooth open-loop and closed-loop adaptive
control. Section VII concludes this paper.

II. STRUCTURE OF LARGE-SCALE RENEWABLE ENERGY
TRANSMISSION BY VSC-UHVDC

A. Overall Scheme

The overall technical scheme of VSC-UHVDC for large-
scale renewable energy transmission is shown in Fig. 1. At
the sending end, the renewable energy base consists of four
220 kV/500 kV photovoltaic (PV) step-up substations, each
with a capacity of about 4000 MW, connected with six or
seven 35 kV/220 kV PV step-up substations. PV plant 1 is
connected to PV plant 2 through AC line 1. Subsequently,
PV plant 2 is connected to PV plant 3 through AC line 2.
PV plant 3 is connected to PV plant 4 through AC line 3,
and then PV plant 4 is connected to the sending-end convert-
er station of the VSC-UHVDC through AC line 4 with a
length of about 300 km. The sending-end capacity of the
VSC-UHVDC is 10000 MW, which is achieved by jointly
constructing two 5000 MW units, S1 and S2, in the same
station. The power is transmitted to the receiving-end sta-
tions, S3 and S4, located in the load center, through the
+800 kV DC line, which has a length of about 2500 km.

“oc--------------» DCline 1 DC line 2

' (2200 km)
4800 kV

(300 km)

DClinel 53 DC line 2 54

(©)220 kV/500 kV PV step-up substation; &35 kV/220 kV PV step-up substation

Built at the !
same station |

Overall technical scheme of VSC-UHVDC for large-scale renewable energy transmission.
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B. Control System

The sending-end converters of VSC-UHVDC need to im-
plement grid-forming control to offer voltage support for re-
newable energy sources. As shown in Fig. 2, the voltage-cur-
rent double-loop control with positive-sequence and negative-
sequence independent control (PSNSIC) is adopted. The VSC-
UHVDC station comprises 4 converters connected in parallel
on the AC side and in series on the DC side. Hence, AC volt-
age coordinated control is required. The AC voltage control
loop shared by bipolar four converters is set at the station con-
trol layer to generate the current reference of the station. Dis-
tribution coefficients K,-K, are set at the pole control layer to
generate the reference for bipolar four converters, so as to
distribute their transmission power. In Fig. 2, u and i are the
voltage and current, respectively; subscripts d and ¢ represent
the d-axis and g-axis components, respectively; subscripts A,
B, and C represent the three phases; subscripts P and N repre-
sent the positive-sequence and negative-sequence compo-
nents, respectively; superscripts ref and * represent the refer-
ence value and modulation wave, respectively; w, is the fun-
damental angular frequency; K, is the current decoupling co-
efficient; and G, and G,, are the low-pass filters.
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(AC voltage control)

Current reference for
each converter
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i i |
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Fig. 2. Control structure of VSC at sending end. (a) AC voltage control.
(b) AC current control.
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The control link of the grid-forming VSC-UHVDC re-
quires an additional station layer and pole layer compared
with VSC-HVDC or the grid-following VSC-UHVDC, result-
ing in increased control delay. Moreover, there will be differ-
ent control delays for the outer and inner loops, which will
impact the MHFR characteristics. The inner current loop is
recognized as a crucial factor that contributes to the MHFR
in VSC-UHVDC [14]-[16]. Therefore, this paper will ex-
plore the possibility of eliminating the inner current loop by
adopting voltage single-loop control or open-loop control. In
the case of voltage single-loop control, only the AC voltage
control loop, shown in Fig. 2(a), is maintained and it gener-
ates the modulation wave for each converter.

III. MODELING OF VSC-UHVDC IMPEDANCE AT SENDING
END

A. Modeling of Converter Impedance

When analyzing the MHFR problem, it is reasonable to
neglect the influence of frequency coupling and internal cir-
culating currents of the converter [14], [16]. However, the in-
fluence of PSNSIC should be taken into consideration. The
harmonic linearization method is used to model the VSC-
UHVDC impedance according to the following steps.

1) Step 1: Calculation of Voltage and Current in Frequency
Domain

The converter with AC voltage control does not require a
phase-locked loop, and the angle for abc/dg-axis transforma-
tion is directly set as 6, =w,t. The frequency domain expres-
sions of positive-sequence dg-axis voltage are derived as:

G, (j2nf, )V,

DC component

up(f)=1G(sti2nf,) GV f=£(fo—11) (1)
G (sFi2nf,)GyVy f=£(/+1)
+JGW S+J2ﬂtf1 GV f=% fp_fl

up(f) =1, ( _ ) _ A
—JGSV(S'*'JZ“fl)GstN f—i(fN+ﬁ)

where V| corresponds to the magnitude of the fundamental
voltage at frequency f;; ¥} corresponds to the magnitude of
the positive-sequence voltage perturbation at frequency fp;
Vy corresponds to the magnitude of the negative-sequence
voltage perturbation at frequency fy; G, is the transfer func-
tion of voltage sampling; G, is the transfer function of the
delay filter with 1/4 fundamental frequency period, and G, =
0.51+e™"); and T is the fundamental frequency period.
Similarly, the positive-sequence dg-axis currents in the fre-
quency domain are derived as:

G(j2nf,)1, cos(g,)
Gy(s*jonf,) Gyl
Gy(sFj2nf,)Gyly
Gy(j2nf;) 1, sin(g,)
FGy(stj2nf,)Gyl,
HG (sFj2nf,) Gyl

DC component
f=x(fo=1)
f=t(f+1)
DC component
=(f=11)
f=t(A+f)

in(f)= 3)

“)
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where /, and ¢, corresponds to the magnitude and phase of
the fundamental current, respectively; /, and I, represent the
positive-sequence and negative-sequence perturbations of cur-
rent, respectively; and G is the transfer function of the cur-
rent sampling.

In the negative-sequence abc/dg-axis transformation, the
reference angle is —w,¢. Similarly, the negative-sequence dg-
axis voltage and current in the frequency domain are ob-
tained as:

" (f)_ Gsv(s$j2nﬁ)GstP fzi(fp+ﬁ) 5
G st )our r=2(fi-r) O
() = HG (T )Gby =2 (fnf))
" - istv(Sijznfl)GstN fzi(fN_fl) ©
; (f)_ Gsi(s$j2nf1)Gsd[P fzi(fp+ﬁ) 7
MG seipn)oute r=x(hr) D
; ( B $sti(S$j2nfl)Gsd[P fzi(fp+ﬁ) g
o~ - isti(Sijznfl)Gsd[N fzi(fN_fl) ®

2) Step 2: Calculation of dgq-axis Modulation Waves
After Step 1, the positive-sequence and negative-sequence
dg-axis modulation voltages u(f), ul(f), ui(f). and

ref

qu( f) can be calculated based on the control structure

shown in Fig. 2. The calculation should take into account
the control delays. The control system receives input vari-
ables such as AC voltage, AC current, and voltage feedfor-
ward. These three control variables traverse different control
channels, as illustrated in Fig. 3, resulting in varying control
delays for each variable. The control delay transfer functions
of AC voltage, AC current, and voltage feedforward under
voltage-current double-loop control can be defined as G,
G, and G, respectively.

1-e™"
G, =c¢*Te x=v,1,f 9
dx s Ts ( )
Delay of AC Delay of AC voltage Delay of voltage

current variable loop variable feedforward variable

Primary current
Sensor fy;

Primary voltage
Sensor &y,

Primary voltage
Sensor 4y,

Analog-digital
conversion unit 7,;

Analog-digital
conversion unit 7,

ltz"

‘ Station control unit 7 ‘

L

‘ Pole control unit #; ‘
Ve
12 . t
42-( Converter control unit #; (35-55 us) }4#

lt8<15 us

Analog-digital
conversion unit 7,,,

‘ Valve base controller 7, (25-45 pis) ‘
lt,0<5 us

‘ Submodule controller #,, (15-25 ps) ‘

Fig. 3. Components of control delay.
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where T, is the control delay of each variable; and T is the
control cycle.

With voltage single-loop control, the modulation wave is
obtained at the station control layer, and it will be directly
sent to the valve control layer, indicating that the component
of control delay excludes pole control and converter control
layers.

3) Step 3: Calculation of abc-axis Modulation Wave

According to the time domain expression of dg/abc-axis
transformation, the positive-sequence and negative-sequence
modulation waves of phase A in the frequency domain can
be derived by convolution calculation of dg-axis modulation
wave and transformation coefficient, as shown in (10).

uh( f) =F[cos 0, [+ui( f) +F[-sin@, |+us( f)
u(f) =F[cos 0, Jxul( f) +F[sin 0, [+usi( f)
where F[x] is the Fourier solution; and * represents the con-

volution calculation. Thus, the modulation wave in the fre-
quency domain ujff( f ) is derived as:
() =ufp(f) + k()
4) Calculation of Impedance
The control delay and discrete control have been consid-
ered in the calculation of dg-axis modulation wave. There-

fore, the modulation wave can be deemed equivalent to its
output voltage u"A”‘( f ) According to Kirchhoff’s Law, the re-

(10)

(11)

lation between the output voltage and grid-side voltage of
the converter is:

u(f) —un(f) =sLin(f) (12)
where u A( f ) is the AC grid voltage; i A( f ) is the AC cur-
rent; and L is the equivalent inductance of the converter. As-
suming that uA( f ) includes V, and Vy, and i A( f ) includes
I, and I, u°A”‘(f) will also include V,, Vy, I, and 1. When
f=/fe, the ratio of positive-sequence voltage disturbance to
current disturbance V,/I, is the positive-sequence impedance
of converter. When f=f,, the ratio of negative-sequence volt-
age disturbance to current disturbance V/I is the negative-
sequence impedance.

B. Voltage Single-loop Control

If the VSC-UHVDC system adopts voltage single-loop
control, the dg-axis modulation waves in frequency domain
are derived as:

ref

Uypg DC component

ucriePf(f) = _GsdGACGSVdesVP f:i(fP_ﬁ) (13)
_GsdGACGstdvsVN f:i(fN +<f1 )
Uy DC component

(/) = 1 HGuGrcGyGoVe [=2(fo=/)  (14)

$j(;sdGACGsv(;dvsVN f:i (fN +.f] )

where G, is the control delay transfer function of AC volt-
age under single-loop control.

According to (10), the positive-sequence modulation wave
of phase A can be obtained as:
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1 ref .] ref

2 udP()— 2 quO fzifl
- :dGXCGSVGdVVP f:ifP
_ngG;CGSVGdVVN f:ifN

usp(f) = (15)

Similarly, the negative-sequence modulation wave of
phase A can be obtained as:

_G;dG;CGSVGdVVP fzifP

u'st = 16
B N
where ujj, and uy, correspond to the magnitudes of the fun-

damental voltage modulation wave; G, is the transfer func-
tion of PI controller in the outer AC voltage loop; and the
superscripts + and — in the transfer function represent differ-
ent frequency offsets, where G*=G( s— ja),) and G =
G(s+jw1). Thus, according to (11) and (12), the positive-se-
quence and negative-sequence impedances of the converter
with voltage single-loop control are obtained as:
sL

1+ (GG + GyGac )G, Gy,

Z,=

amn

sL

7 =
14 (GuGrc+ GG )Gy G, (18)

C. Voltage-current Double-loop Control

If the VSC-UHVDC adopts voltage-current double-loop
control, the positive-sequence and negative-sequence modula-
tion waves in frequency domain are derived as:

%“:;[fo— J2 ”:;elfo S=t/
~G\ G GUGicGIK o+ G GGV =
uilf) = (GIFiK,)GyGaGuly =4,
_Gsv deG;dG;\CG;KxVN + Gsv GdfG;d =
(G;ind)GsiGdinglN S=1/
19)
~G G4, GyGacGi KV o+ G GGV —
uzf\l(f) _ (JrG;iji)GsiG;d]P ) f:i'fp
=G, Gy G YO GIK IV + GGGV —
(Gi+$jKd)GsiGdiG;d[N S=1/
(20)

where G; is the transfer function of the PI controller in inner
current loop. In (19) and (20), the modulation waves consist
of three polynomials, representing the impact of outer AC
voltage loop, voltage feedforward, and current control, re-
spectively. The positive-sequence and negative-sequence im-
pedances of converter with voltage-current double-loop con-
trol are obtained as:
sL+ (G?G:d_jKdG:d'i' Gi_G;d+jKngd)GsiGdi

Zp= (20
1-GyG,,+ GGy K (GGGl + G GyGoc )

7. S+ (GiGu+iK,Gu+ GIGL=iK,Gu)GuCu
N Gy Gt GGy K (GGG + GGG )
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IV. ANALYSIS OF IMPEDANCE CHARACTERISTICS OF
VSC-UHVDC

This section analyzes the impedance characteristics of
VSC-UHVDC with voltage single-loop control and voltage-
current double-loop control, respectively. The parameters of
converter are listed in Table I. If no filter is conducted dur-
ing sampling, transfer functions G, and G are equivalent to
1, as the delays of voltage sampling and current sampling
are included in total control delays G, G, and G;.

TABLE I
PARAMETERS OF CONVERTER

Category Parameter Value
Rated Rated active power (MW) 1250
power Rated reactive power (Mvar) +250

Connection group Yny
Transformation ratio (kV/kV) 525/244
Transformer .
Capacity (MVA) 467%3
Short-circuit impedance 18%
Rated operation voltage of module (V) 2100
Capacitance of module (mF) 18
Valve Number of submodules per bridge arm 205
Voltage on DC side (kV) 400
Arm inductor (mH) 40
Proportional and integral coefficients of 1. 10
current loop PI controller ’
Proportional and integral coefficients of
voltage loop PI controller I (or 0.5), 100
Current distribution coefficient K 1

Control ’

system AC voltage channel delay T, (us) 250
Voltage feedforward channel delay T, (us) 200

Current channel delay 7'y (ps) 200

Voltage single-loop control delay 7'y, (1s) 200
Modulation cycle T, (us) 100

A. Voltage Single-loop Control

1) Impedance Characteristic of Voltage Single-loop Control
The impedance characteristic of the converter with voltage
single-loop control is shown in Fig. 4. There is a high-fre-
quency resonance peak in the impedance magnitude accom-
panied by significant high-frequency negative damping.
40000
30000
20000+
10000+
0 n n n 4

180
90W

0 1000

Magnitude (Q)

Phase (°)
S

2000 3000 4000 5000

Frequency (Hz)

Fig. 4.
trol.

Impedance characteristic of converter with voltage single-loop con-
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Since the zero-order holder can be approximately equiva-
lent to half of the control cycle delay, the disturbance term
introduced by voltage feedback can be written as:

deGsv ~ e_jznﬂdmy (23)
ey = Lavs+ Ty2. Since the in-

tegral term of PI controller in mid- and high-frequency range
can be approximately equivalent to 0, and G, + G4=1, the im-
pedance of the converter can be simplified as:

sL

321/ T g0y
1+K,.e"

where the total system delay 7,

Zpn= (24)

where K. is the proportional coefficient, and Kpaceszw e
changes periodically within the range of —1 to 1. When f=

(2k—-1)/(2T,,,, ), where k is a non-zero positive integer, the
delay

. —j2nfT.
denominator term 1+K_ e«

pac “~0, leading to the appear-
ance of resonance points in the high-frequency range. Addi-
tionally, (24) indicates that the main factors impacting the
converter impedance are K, of the PI controller, the control
delay, and the equivalent inductance on the AC side.
2) Improvement Effect of Impedance Characteristics Based
on Voltage Low-pass Filter
To improve the impedance characteristics, a low-pass fil-
ter can be added to the voltage loop and the proportional co-
efficient of the PI controller can be reduced. A second-order
low-pass filter with a cutoff frequency of 100 Hz is added to
the voltage loop, and the impedance characteristics of the
converter under different proportional coefficients are shown
in Fig. 5.
@ 400
3 300 -
2200¢
& 100
s 0
180
90
0
-90
-180
0

Phase (°)

1000 1500 2000 2500

Frequency (Hz)
—K,,~1.0; —K,,=0.5; =K, =0.1

500

Fig. 5. Impedance frequency characteristic of converter under different pro-
portional coefficients.

After adopting the low-pass filter, the negative damping
of the converter impedance at high-frequency range is effec-
tively suppressed. A smaller proportional coefficient of the
PI controller results in a better effect on impedance reshap-
ing. However, the converter still exhibits negative damping
in the mid-frequency range of 100-300 Hz, leading to a high
risk of resonance in this frequency range. Additionally, if the
converter only adopts the voltage single-loop control, it is
unable to regulate the bridge arm current, resulting in a risk
of transient overcurrent. Therefore, a transient current switch-
ing control mode must be designed to prevent overcurrent
under fault conditions. Moreover, the dynamic performance

2063

of the converter will be further reduced after adding the low-
pass filter. Given a comprehensive consideration of reso-
nance suppression and dynamic performance, it is advisable
not to substitute voltage-current double-loop control with
voltage single-loop control for resonance suppression.

B. Voltage-current Double-loop Control

Since jG,—jGl,=e*™, the impedance of the converter

with double-loop control can be simplified as:

_ —127fT o1y
SL+ (Kp_'iine :7'/4)e 20T etayi

=327/ T gyt =127/ T getays
| y+I(XKW,‘CI<me

(25)

PN~

where sL and (Kp’iine“m)eszW “i represent the distur-

bances of equivalent inductance and AC current control, re-
spectively; e 77" and K _K b AC Kp.ie_jz"ﬁ @ represent the dis-
turbances of voltage feedforward and outer AC voltage loop,
respectively; Ty =T+ T3/2; Tooup =Tyt T5/25 Tyegayr=Tor+
T,/2; and K, . and K ; are the proportional coefficients of
PI controller in outer AC voltage loop and inner current
loop, respectively.

Compared with traditional grid-following control, the grid-
forming control introduces an outer AC voltage loop distur-
bance which is determined by current distribution coeffi-
cient, the proportional coefficient of the PI controller in out-
er AC voltage loop and inner current loop, and control delay
of AC voltage control channel.

Due to the influence of voltage feedforward, a resonance
peak in high-frequency range exists in the impedance magni-
tude of the converter with grid-following control accompa-
nied by significant negative damping, as shown by the red
dotted line in Fig. 6. A low-pass filter is typically added to
the voltage feedforward to improve impedance characteris-
tics of converter with grid-following control. If a low-pass
filter is also added to the voltage feedforward of the convert-
er with grid-forming control, the impedance is simplified as
(26), and the impedance characteristics are shown by the
blue solid line in Fig. 6.
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Fig. 6. Influence of voltage feedforward on impedance characteristics of

converter with double-loop control.

sL+ ( Kmi +K, eiSTM) e*ﬂﬂﬂmy,

Zon ~ : (26)
PIN 1 + Kx Kp,AC Kp‘ieijzm‘Tdmy‘

It can be observed that the negative damping of the con-
verter with grid-forming control is not suppressed. On the
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contrary, compared with the red dotted line, the frequency of
the first resonance point is advanced to 2000 Hz, and the
corresponding negative damping frequency range shifts to
400-2000 Hz, leading to a significant deterioration in the
impedance characteristics. The main reason is that, although
the low-pass filter can compensate for the disturbance
caused by voltage feedforward, there is still a disturbance
term K K, ACKp’ieij“fT““‘“y‘ introduced by AC voltage control
in the denominator of the converter impedance. When
K.K, ACKp!ie’ﬂ“/T “w=—1, the denominator of the impedance
becomes 0, resulting in the generation of a resonance peak
in the impedance magnitude.

To sum up, the MHFR suppression measures by adding
low-pass filter to voltage feedforward cannot be directly ap-
plied to grid-forming converters.

V. IMPEDANCE RESHAPING MEASURES

A. Voltage Coordinated Optimization Control

According to (25), the disturbance term —e e intro-

duced by voltage feedforward is in the same form as the dis-
turbance term K K AcKp’ieﬂz”/ Tso introduced by AC voltage
control, but with different coefficients. If (27) is satisfied,
the disturbance terms can be eliminated.
Kpr‘ACKp,i =1 7
Tdelayf: Tdelayv @7)

Since the control system operates in per-unit value,
K K, \,cK,;=1 can be easily achieved by parameter setting
in practice, for example, K, K, ,c, and K ; can all be set to
1. The outer AC voltage loop and voltage feedforward can
utilize the same control variable to ensure that 7, . is equal
to 7., This involves the station control layer, sending the
AC voltage sampling value along with the current reference
to the pole control layer. Then, the pole control layer for-
wards this AC voltage sampling value to the converter con-
trol layer as the voltage feedforward control variable.

Figure 7 shows that, after adopting the voltage coordinat-
ed optimization control, the converter impedance is greatly
improved. The resonance peak of impedance magnitude dis-
appears, and the phase of the mid- and high-frequency im-
pedance is around 90°. If either of the two conditions in
(27) cannot be met, the impedance reshaping effect will be
poor.

It should be noted that by adding low-pass filters both to
voltage feedforward and outer AC voltage loop, the distur-
bance term in the denominator of the impedance can also be
eliminated. Both nonlinear filter and low-pass filter can be
used for voltage feedforward. However, the nonlinear filter
or a low-pass filter with an excessively low cutoff frequency
is not suitable for outer AC voltage control, leading to limita-
tions in improving impedance characteristics. This is attribut-
ed to AC voltage itself being a controlled variable. Besides,
adding low-pass filters to voltage feedforward and outer AC
voltage loop will sacrifice the dynamic performance of the
system. The comparison analysis of dynamic performance
with different impedance reshaping measure is presented in
the Appendix A.

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 12, NO. 6, November 2024

~ 10000
7500
5000
2500

Magnitude (Q

2000 3000 4000 5000
Frequency (Hz)
T K\Kp,/\C p,i: 1 ’ Tclclayf;'E Tdclayv; T Kpr./\CKp,i: 1 > Tdclayf: Tdclayv

____K\KpAACKp,i:()j? Tde]ayf: Tdelayv

0 1000

Fig. 7. Impedance characteristics of VSC with voltage coordinated optimi-
zation control.

B. Optimization of Inner Current Loop

Once the disturbances caused by voltage feedforward and
outer AC voltage control are eliminated, the impedance of
the converter can be simplified as:

ZonmsL+ (K, 2K e )e e (28)

Obviously, there remains a disturbance term resulting
from the interaction between inner current loop and control
delay. This results in negative damping of the converter im-
pedance in the mid- and high-frequency ranges. The distur-
bance term primarily depends on three factors: () the con-
trol delay in the current channel; (2) the proportional coeffi-
cient of the PI controller in the inner current loop; @ the
PSNSIC, as the PSNSIC introduces a delay filter with 1/4
fundamental frequency period that interacts with decoupling
control, resulting in fluctuations with a period of 200 Hz in
the impedance characteristic curve.

To reshape the impedance characteristics of VSC, the in-
ner current loop control can be optimized in three ways as
follows.

1) Reduce the control delay: the control delay can be re-
duced by implementing direct transmission of pure optical
measurement signals, improving the performance of control
devices, employing full-link gigabit communication for criti-
cal paths among multiple devices, and optimizing the key
control links.

2) Reduce the proportional coefficient of the PI controller
in current loop: since reducing the proportional coefficient
will impact the dynamic performance of the system, the pro-
portional coefficient should be carefully designed based on
the evaluation of the dynamic performance of the system.
The evaluation method for proportional coefficient is illus-
trated in Fig. 8. The minimum proportional coefficient can
be determined by assessing whether the bridge arm current
of the converter with different coefficients meets the require-
ments during a three-phase short-circuit fault in the AC grid.

3) Current decoupling optimization control: it can be
achieved by two strategies. The first is to add a low-pass fil-
ter in dg-axis current decoupling control, as shown in Fig. 2.
The second way is to use a constant current as the control in-
put for dg-axis current decoupling control. This constant cur-
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rent can be obtained by dividing the steady-state power after
average value filtering by the steady-state voltage. After opti-
mization control, the disturbance caused by interaction be-
tween the decoupling control and PSNSIC can be eliminat-
ed, thereby reducing the maximum impedance phase of the

converter.

v
‘ Set the value of K,; ‘

|

‘ Test short-circuit fault ‘

Reduce K,

Increase K ;

Is short-circuit
current of bridge arm lower
or equal to allowable
value?

short-current in the
previous test meet the
requirements?

Select K ; setting in the previous round

End

Fig. 8. Evaluation method for proportional coefficient.

After implementing the above impedance reshaping mea-
sures, the converter impedance is obtained, as shown in Fig.
9. Before optimizing the inner current loop control, the maxi-
mum phase of the converter impedance in the mid- and high-
frequency range is 95.67°. The maximum impedance phase
in the mid- and high-frequency range is decreased to 93.54°
by reducing the proportional coefficient of the inner current
loop PI controller from 1.0 to 0.5. Furthermore, the maxi-
mum impedance phase in the mid- and high-frequency range
is further reduced to 91.89° by implementing current decou-
pling optimization control.
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=K, is reduced to 0.5 and decoupling control is optimized
Fig. 9. Impedance characteristics of VSC after optimizing current control.
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VI. RESONANCE RISK EVALUATION BETWEEN RENEWABLE
ENERGY BASE AND VSC-UHVDC

Since there exists significant difference in the impedance
characteristics of the renewable energy base during the black
start and the normal power transmission operation, this sec-
tion analyzes the MHFR characteristics for the two opera-
tions, respectively.

A. Power Transmission of Renewable Energy Base

The renewable energy station is connected to the VSC-
UHVDC through multi-stage step-up substation. The imped-
ance of the renewable energy base is affected by factors
such as the grid-connected inverter, collection structure, AC
line, and reactive power compensation. As this paper focuses
on the characteristics of VSC-UHVDC system, the imped-
ance of the renewable energy base is obtained by impedance
scanning, as shown in Fig. 10. Although PV inverters exhibit
negative damping in their impedance, the impedance of send-
ing-end grid still demonstrates positive damping. This is be-
cause the negative damping is counteracted by the equiva-
lent resistance of transformers and transmission lines.

3000

2000

1000 1330 Hz,

Magnitude (Q)

Phase (°)
=

Phase difference is greater than 180°

0 1000 2000 3000 4000 5000
Frequency (Hz)
—Impedance of VSC-UHVDC (after optimization)

—Impedance of renewable energy base
— Impedance of VSC-UHVDC (adding a low-pass
filter to voltage feedforward)

Fig. 10. Comparison of impedance characteristics between VSC-UHVDC
and renewable energy base.

If the sending-end converter of VSC-UHVDC adopts the
same MHFR suppression strategy as the traditional grid-fol-
lowing converter, which involves adding a low-pass filter to
the voltage feedforward, a comparison of the impedance
characteristics between the VSC-UHVDC and the renewable
energy base is shown in Fig. 10.

There is an intersection of impedance magnitude between
the VSC-UHVDC and the renewable energy base at 1330
Hz, and the phase difference is greater than 180° at the cut-
off frequency, indicating a high-frequency resonance risk in
the system. To reshape the impedance of the VSC-UHVDC,
voltage coordinated optimization control is adopted. This en-
sures that the phase difference between the VSC-UHVDC
and the renewable energy base is less than 180° within a
wide-band range, effectively suppressing the MHFR in the
system.
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A simulation on resonance characteristic analysis is con-
ducted in PSCAD/EMTDC. In the simulation, the 35 kV/220
kV PV step-up substations are equivalently aggregated, con-
sidering the impedance characteristics of the PV inverter and
feeder lines within the station. The transmission line adopts
the Bergeron model to simulate the high-frequency imped-
ance characteristics accurately. Figure 11 shows the voltage
and current waveforms at the point of common coupling
(PCC) before and after impedance reshaping of the VSC-UH-
VDC station. After the system is started and enters a steady
state, the VSC-UHVDC converter is switched to the tradi-
tional MHFR suppression measure by adding a low-pass fil-
ter to the voltage feedforward at 3.8 s. The system resonates
at 1325 Hz. At 4 s, the impedance reshaping measure is put
into operation. The high-frequency resonance gradually atten-
uates and is effectively suppressed. To sum up, the correct-
ness of the theoretical analysis is verified.

Voltage (kV)

Current (kA)

Time (s)
——Phase A; — Phase B; — Phase C

Fig. 11. Voltage and current waveforms at PCC before and after imped-
ance reshaping of VSC-UHVDC station.

B. Black Start of Renewable Energy Base

During the black start of renewable energy base, the opera-
tion modes of VSC-UHVDC with no-load AC bus or no-
load AC line are involved, both of which pose a high risk of
MHFR. When the converter operates with a no-load AC bus,
the impedance of the AC system is determined by the stray
capacitance of the AC bus and converter transformer, which
are purely capacitive. If the converter station operates with
no-load AC line, the impedance of the AC system is mainly
determined by the frequency characteristic of AC line. This
subsection focuses on the analysis during VSC-UHVDC
with no-load AC line. The AC lines can be equivalently
transformed into m-type circuits, as illustrated in Fig. 12.

Fig. 12. Equivalent model of AC line.
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In Fig. 12, the expressions of Z, and Y, are given as:
Z,:chinh(yl)
cosh(yl) -1
B Z.sinh(y1)

29

where [ is the length of the AC line; Z, is the wave imped-
ance of the AC line; y is the propagation constant of the AC
line; and sinh(y/) and cosh(y/) are the hyperbolic sine func-
tion and hyperbolic cosine function, respectively.

7= Ry/2,/CyLy +jo,\/L,C, (30)
Z.= JLyC, - Ry(20,/L,C, ) (31)

where R, L,, and C, are the resistance, inductance, and ca-
pacitance per unit length, respectively.

In Fig. 1, AC line 4 is 300 km and is equipped with 50%
series compensation. The impedance of no-load AC line is
shown in Fig. 13. The impedance magnitude of the transmis-
sion line contains multiple high-frequency resonance points,
and the phase varies between +90°, which can easily match
the VSC-UHVDC impedance, thus exciting MHFR. The
comparison of impedance characteristics between the VSC-
UHVDC and the renewable energy base during the black
start operation with no-load AC lines is shown in Fig. 13.

10000
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b 75001
2 s000f 1620 Hz >4 10 12
£ 865 Hz
2P 2500
= 0
135’ o o 194-6o 21000
% 177/.4 178.7 e —_
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-90 A .
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Frequency (Hz)
—Impedance of VSC-UHVDC (before optimization)
— Impedance of VSC-UHVDC (after optimization)
— Impedance of no-load AC line
Fig. 13.  Comparison of impedance characteristics between VSC-UHVDC

and renewable energy base during black start.

Before optimizing the impedance of converter (with K ¢
as 0.5, K, and K as 1), there are multiple intersection
points of impedance magnitude between VSC-UHVDC and
renewable energy base. The corresponding phase differences
at 3180 Hz and 2410 Hz are 210.0° and 194.6°, respectively,
indicating that the system is at a high-frequency resonance
risk. The MHFR suppression strategy proposed in Section V
is adopted to reshape the converter impedance. There are
still multiple intersection points of impedance magnitude be-
tween VSC-UHVDC and the renewable energy base, among
which the corresponding phase differences at 865 Hz and
1620 Hz are 177.4° and 178.7°, respectively. Although MH-
FR can be suppressed, the system stability margin remains
low.



FENG et al.: MID- AND HIGH-FREQUENCY RESONANCE CHARACTERISTICS AND SUPPRESSION STRATEGIES OF VSC-UHVDC FOR...

The analysis of resonance characteristics is verified in
PSCAD/EMTDC. The VSC-UHVDC utilizes the control
structure shown in Fig. 2. During startup, the AC voltage
reference is ramped up from 0 to 1.0 p.u. with a ramping
slope of 4.0 p.u./s. As shown in Fig. 14, before the imped-
ance reshaping measures are adopted, VSC-UHVDC exhib-
its divergent high-frequency resonance. The resonant fre-
quencies primarily occur at 3150 Hz and 2400 Hz, align-
ing with the theoretical analysis. Moreover, there are some
harmonics at 1600 Hz and 850 Hz. This is because there
is an intersection point between the impedance magnitude
of VSC-UHVDC and renewable energy base at this fre-
quency, but the corresponding phase difference does not
exceed 180°, and the VSC-UHVDC shows weak damping

in this mode.
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Fig. 14.  AC voltage waveform and spectrum analysis results before imped-
ance reshaping of VSC-UHVDC. (a) AC voltage waveform at PCC. (b)
Spectrum analysis at PCC.

0 500 1000

After the impedance reshaping measure is adopted, the
AC voltage waveform at PCC is shown in Fig. 15.

Voltage (kV)

1.50 1.55
Time (s)
——Phase A; —Phase B; — Phase C

1.45

Fig. 15.  AC voltage waveforms at PCC.

The sending-end system is able to successfully complete a
black start. However, there are still significant number of
1620 Hz harmonics during steady state. The main reason is
that although the MHFR is suppressed, the system stability
margin remains low. The above simulation results are consis-
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tent with the theoretical analysis results, thereby validating
the theoretical analysis.

VII. SMOOTH OPEN-LOOP AND CLOSED-LOOP ADAPTIVE
CONTROL

The negative damping in the mid- and high-frequency
range of VSC-UHVDC cannot be completely eliminated
through closed-loop controller optimization, and there is still
a resonance risk at the sending-end grid, especially during
black start operation. Therefore, open-loop and closed-loop
adaptive control can be adopted, as shown in Fig. 16. The
open-loop control mode is adopted during black start opera-
tion. If the active power exceeds a certain threshold or the
system failure occurs, the closed-loop control mode is
switched to ensure the steady-state operation and fault ride-
through performance. In Fig. 16, P, is the power threshold;
F, is the closed-loop control enabling mark bit; Up* is the
fault detection reference voltage; and 6, is the initial refer-
ence phase of the dg-axis transformation.

P
P H DO
Hysteresis comparator F,
Uppe Flag of open-/
_ABC | P
. a>b delay closed-loop control
U; s f (] >
Fault detection
(a)
u;p=1.0
dq /| uice
» =0 ——— abc
O + )i Angle ° X ufhe
+ 1/s +)
~ resolve +<J
—w,
uN=0 >|dgq
U =0——1 abe| uiey
(b
Fig. 16. Open-loop and closed-loop control of VSC-UHVDC. (a) Switch-

ing logic. (b) Open-loop control strategy.

There are two criteria for switching between open-loop
and closed-loop control. () The power comparison criterion:
in order to prevent frequent switching of open loop and
closed loop, the hysteresis comparator is used. The system
switches from open-loop to closed-loop control when the ac-
tive power exceeds P, and from closed-loop to open-loop
control when it falls below P, —H. 2) The fault detection cri-
terion: under low-power operation conditions, if any phase
voltage drops, the system should switch from open-loop to
closed-loop control to limit fault overcurrent.

To ensure a smooth transition between open-loop to
closed-loop control and avoid voltage jumps during the
switching process, a switching logic has been designed. (D
The phase for dg-axis transformation remains unchanged:
during open-loop control, the system automatically generates
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the dg/abc axis transformation phase. When switching to
closed-loop control, it is important to maintain the same
phase generated by the system. (2) During open-loop control,
the PI controllers of outer AC voltage and inner current loop
are locked. The modulation wave generated by closed-loop
control at the moment of open-loop switching to closed-loop
control is determined by voltage feedforward to ensure
smooth switching of the modulation wave.

The same simulation conditions as those in Section VI are
conducted. The VSC-UHVDC is started up with four 300
km no-load lines. During the black start operation, the VSC-
UHVDC adopts the open-loop control strategy. The simula-
tion results of open-loop and closed-loop adaptive control
are shown in Fig. 17. The converter station can be success-
fully started without MHFR. After start-up, the system re-
mains in no-load state and is switched to closed-loop control
at 1.2 s. The high-frequency resonance gradually appears,
further indicating that the risk of high-frequency resonance
risk at the sending-end grid is relatively high when the
closed-loop control strategy is adopted.

600 -

ORI
S o
S O

Voltage (kV)
)
S
? (=}

-400}
-600
0

600
400
200

-200 -
-400

-600
1.1

Voltage (kV)
o

Time (s)
(b)
——Phase A; —Phase B; — Phase C

Fig. 17. Simulation results of adaptive open-loop and closed-loop control.
(a) Black start process. (b) Switching to closed-loop control.

To verify the effectiveness of the smooth switching con-
trol logic, the dynamic characteristics of the system are com-
pared before and after implementing the switching logic.
The VSC-UHVDC switches from open-loop to closed-loop
control when the active power of the converter exceeds 60
MW. As shown in Fig. 18, before adopting the smooth
switching logic, there is a significant impact on the AC bus
voltage during switching, with the maximum root mean
square (RMS) voltage reaching 640 kV. With the implemen-
tation of the smooth switching logic, the impact on the sys-
tem during the switching process is reduced, enabling
smooth transitions between open-loop and closed-loop con-
trol.
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VIII. CONCLUSION

This paper explores the MHFR characteristics and suppres-
sion strategies in VSC-UHVDC for large-scale renewable en-
ergy transmission, and draws the following conclusions.

1) Both voltage single-loop control and voltage-current
double-loop control for the VSC-UHVDC at the sending end
pose a risk of MHFR. Considering the dynamic characteris-
tics of the system comprehensively, it is not recommended
to adopt the voltage single-loop control strategy.

2) The key factors affecting the impedance characteristics
include the AC voltage control, voltage feedforward, inner
current loop, PSNSIC, and control delay. The AC voltage
control, which introduces new control delay characteristics
and interacts with voltage feedforward, significantly impacts
the impedance characteristics of converter.

3) Mid- and high-frequency impedance reshaping mea-
sures for VSC-UHVDC based on control system optimiza-
tion are proposed, including voltage coordinated optimiza-
tion control, reduction of proportional coefficient of the PI
controller in inner current loop, optimization of dg-axis cur-
rent decoupling control, and reduction of control delay.

4) The risk of MHFR is relatively high during black start
operation under closed-loop control. Smooth open-loop and
closed-loop adaptive control can be adopted. Open-loop con-
trol is adopted during black start operation to ensure that the
system operates stably. The smooth switching logic is de-
signed to achieve a seamless transition from open-loop to
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closed-loop control.

APPENDIX A

The short-circuit current of the arm bridge is evaluated
during a three-phase short-circuit fault in the AC grid with
different impedance reshaping measure, including voltage co-
ordinated optimization control, as well as adding low-pass
filters both to voltage feedforward and outer AC voltage
loop.

As depicted in Fig. Al, the maximum short-circuit current
of the arm bridge is 1579 A when employing voltage coordi-
nated optimization control, and 2492 A when adding low-
pass filters, respectively, which demonstrates that the voltage
coordinated optimization control exhibits better dynamic per-
formance.
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Fig. A1. Three-phase short-circuit fault response characteristics with differ-

ent impedance reshaping measure. (a) Voltage coordinated optimization con-
trol. (b) Adding low-pass filters both to voltage feedforward and outer AC
voltage loop.
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