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ABSTRACT To achieve better control performance, a comprehensive control parameter design method
that considers economics, stability and dynamic performance is essential for hybrid multi-terminal HVDC
systems. In this paper, a hierarchical model for the control system of Hybrid-MTDC is constructed and the
parameters are optimized on two layers. On the system layer, using the normalization processing method,
a system-layer objective function that considers both the minimum network loss and the voltage offset is
formed for Hybrid-MTDC systems and solved with the proposed penalty interior point method. On the
converter layer, using the state-space matrix method, a generic small-signal stability range of each control
parameter can be obtained by the traversal calculation of the eigenvalues. Then, to identify the stricter stable
operating region for the DC voltage controller under severe conditions, an additional stability criterion
based on the mixed-potential theory is deduced, and the design-oriented boundaries are generated and
added to the feasible region. Finally, within the design-oriented boundaries, a general dynamic performance
evaluation function is constructed to determine the optimal control parameters. Utilizing the proposed
method, a typical Hybrid-MTDC system is investigated, and experimental verifications are provided to
validate the effectiveness and accuracy.

INDEX TERMS Hybrid multi-terminal HVDC systems, comprehensive control parameter design method,

minimum network loss, voltage offset, additional stability criterion, dynamic performance evaluation.

I. INTRODUCTION
In traditional HVDC projects, line commutation converters
(LCC) have benefits such as high transmission capacity and
low cost [1], [2]. As a new transmission technology, the multi-
level modular converter (MMC), with the advantages of
reduced harmonics and good controllability, is becom-
ing a viable alternative for HVDC transmission [3]-[5].
In 2018, combining the advantages of both LCCs and MMC:s,
the world’s first hybrid 3-terminal HVDC system was con-
struction in the China Southern Grid [6]. Hybrid multi-
terminal HVDC (Hybrid-MTDC) transmission systems have
become an important topic in power industry development
[5]1-[7]. The selection of the control parameters for Hybrid-
MTDC systems determines the economics, stability and effi-
ciency of the system.

Most control parameter designs in engineering rely on
a trial-and-error approach or an electromagnetic transient
software optimization program, which is time consuming
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and cannot guarantee that the system will run under opti-
mal conditions or even stably [8], [9]. Hence, it is of great
significance to find an efficient and comprehensive method
for designing the control parameters to ensure stability and
excellent performance. Recently, many scholars have con-
ducted extensive research on HVDC systems. Based on the
well-known steady-state equations of LCCs, a small-signal
dynamic model of an LCC-HVDC system was developed
[10], [11]. References [12]-[16] employed an average-value
model of MMCs, investigating the oscillatory modes of the
system. References [17]-[19] focused on the small-signal
stability analysis of hybrid HVDC systems, analysing the
influence of the PI control parameters. However, for the
control parameter design of Hybrid-MTDC systems, there are
several issues remained as follows:

1) Control parameter design on the system layer: Different
from traditional HVDC networks, since Hybrid-MTDC
systems contain more converter stations and more
complex network topologies [17]-[19], there might be
many scenarios of power flow control on the system
layer. However, the existing literature [17]-[19] ignores
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control parameter analyses on the system layer. The
power flow control parameters on the system layer
affect network losses and voltage offsets, which deter-
mines the economics of operating Hybrid-MTDC sys-
tems in the steady state.

2) Additional stability criterion under severe conditions:
The DC voltage control is the most important con-
trol target in Hybrid-MTDC systems and determines
the stable operation of the whole system [6]. In engi-
neering, more stringent and specific stability and per-
formance requirements for the DC voltage controller
are essential to guarantee reliable operation. However,
the traditional small-signal stability analysis is only
applicable to system estimations under weak distur-
bances [10]-[19] and fails to describe how much distur-
bance the control parameters satisfying the small-signal
stability request can withstand [20]. This obviously
does not meet the stringent requirements for critical DC
voltage controllers in engineering.

3) Efficient global dynamic performance analysis: Ref-
erence [18] proposed a quantitative dynamic perfor-
mance evaluation for Hybrid-MTDC systems based
on a time-domain mathematical model. However, this
method can only perform an inverse Laplace transform
for one of the outputs to analyse the dynamic indicators,
which cannot be used as the global optimal term for all
outputs of the dynamic performance analysis. Hence,
this method fails to solve the global optimal control
parameters of the system.

Therefore, to propose a comprehensive control parameter
design method for Hybrid-MTDC systems, the main contri-
butions of this paper are listed as follows:

(i) Considering the economics of operating Hybrid-MTDC
systems in the steady state, an objective function on the
system layer that includes both the minimum network loss
and the voltage offset is formed for Hybrid-MTDC sys-
tems. The power balance of the DC network and the volt-
age limit of the DC node are used as constraints. Then, the
penalty interior point method is constructed as a fast solution
method to ensure that the power flow control of the Hybrid-
MTDC system is at the target optimal state under steady state
operation.

(i1) Using the state-space matrix method, a generic small-
signal stability range for each control parameter can be
obtained by the traversal calculation of the eigenvalues. Then,
to identify the stricter stable operating region for the DC volt-
age controller under severe conditions, an additional stability
analysis based on the mixed-potential theory is performed and
the design-oriented boundaries are generated and added to the
feasible region.

(iii)) Within the design-oriented boundaries, a dynamic
performance evaluation function is constructed using the
damping ratio and the negative real part of the eigenvalue,
which can describe the dynamic performance of all oscil-
lation modes of the system. Thus, a comprehensive con-
trol parameter design method for Hybrid-MTDC systems is
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FIGURE 1. Hierarchical schematic diagram for the control of Hybrid
N-terminal HVDC transmission systems.

proposed considering the optimal state under steady state
operation, the small-signal stability of all control parameters,
additional stability criterion for DC voltage controllers and
the optimal dynamic performance.

Finally, experimental verifications are provided to validate
the effectiveness and accuracy of the proposed method.

Il. COMPREHENSIVE CONTROL PARAMETER DESIGN
METHOD FOR HYBRID MULTI-TERMINAL HVDC SYSTEMS
A. OPTIMAL POWER FLOW CONTROL ON THE SYSTEM
LAYER
Hybrid-MTDC systems include LCC and MMC stations.
To take advantage of the large capacity of the LCC stations,
LCCs generally work in current control mode and the MMC
station with the largest capacity is used to control the DC
voltage, while the other stations control the active power [21].
This control strategy is conducive to ensuring that the power
system runs in a stable and economical state [22]. In this
paper, the power control system of the Hybrid-MTDC is
divided into two parts as shown in Fig. 1, consisting of a
system layer and converter station layers. The system layer
sends the reference control parameters to each converter sta-
tion through the fibre channel. Following that, the control
system of each converter station is adjusted according to the
received control parameters. Simultaneously, the local DC
voltage and the active power signal are collected and fed back
to the upper control system.

On the system layer, with the minimum network loss as the
primary condition for controlling the target, the correspond-
ing objective function f] can be obtained as follows:

NIEN2+1 N1HN2+1 N14N2+1

fil) = = Z Z Gij(Udci — Uae)* = Z P;
=1 j=itl i=1

(1

where Gj; is the mutual conductance between node i and j;
(NT1+N2+1) is the number of DC nodes; P; is the active
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power transmitted by the i-th station; Uy, is the voltage of
the DC node; and the direction from the AC system into the
DC grid is positive.

Considering the importance of DC voltage in the stable
operation of Hybrid-MTDC grids, the minimum deviation of
DC voltage is added as the objective function f>:

NI14+N2+1

f(x) = (Udei — Uj)* @

where U ; is the DC voltage expectation value of node i.

To consider the two different control objectives (1) and (2),
this paper introduces a normalized method to construct the
optimal objective function of the system control layer:

N1+N24+1N14+N2+1

- Y Gij(Udei — Ua))?
i=1 =1

f&x) = - P
) *
(NI+N24+1) P (U —ymm
3)
where x=[Ug1, Ugea,...... , Udevi+n2+1)]; @1 represents

the weight factor of network loss; w; is the weight factor
of the nodal voltage offset; P;)3* is the maximum loss value of
the DC network; And Uz2#* and UZ" are the allowable range
of the node DC voltage.

The power balance of the transmission lines is introduced
as the equality constraint &(x), and the capacity and voltage
limits of the stations is the inequality constraint g (x). Hence,
the optimization model for optimal power flow control on the
system layer can be obtained as follows:

minf(x)
NI4N2+1 N1+N2+1
- > > Gyj(Uaci — Uag)?
i=1 =1
= (,()1 .
Pioss
' N1+N2+1 /(Udci — Ud*ci)z

o2 wmINTD S

N~ N

hi(x) = Pi — Udci )
> GiktUgck =0

ke{k|nodes connected to i}

i=1,2...,NI+N2+1

1Y g = U < gi0) = Ules < g = U
i=1,2...,NI1+N2+1

gy = P"" < gi(x) = Pj < gij = P™

j=1,2...,NI+N2+1

To ensure efficient computational efficiency and numerical
robustness, the penalty interior point method is used for
calculation. The relaxation quantity is introduced to relax
the equality constraint and inequality constraint, and then the
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FIGURE 2. Equivalent converters and controllers in the stations.

model is transformed as follows:
L=f)—y"h(x)—z"lglx) -1 - gl

wlgx) +u—gyl—p) Inl)—pn ) In@w) (5)

i=1 i=1

where y = [y1,...... R yN1+N2+1]T represents the Lagrange
multipliers of the equality constraints; z = [z1,...... s
22(N1+N2+1)]T and w = [wq,...... , W2(N]+N2+])]T are the
Lagrange multipliers of the inequality constraints; I = [/,
...... ,12(N1+N2+1)]T and u = [ul,. ey uz(N1+N2+1)]T are
the relaxation variables with inequality constraints; and p is
the penalty factor.

Following that, according to the preset weight value, the
Kuhn-Tucker condition (KKT) and the approximate correc-
tion equation, listed at Appendix (A1)-(A6), are used to
calculate the optimal power flow of the DC grid. The designed
control parameters (I ﬁccrgf, P%%C, U 2’%?) are issued to each
converter station layer.

B. SYSTEM MODELING AND FEASIBLE CONTROL
PARAMETER REGIONS UNDER SMALL-SIGNAL STABILITY
According to the calculation in part. A, the optimal power
flow control parameters on the system layer can be deter-
mined. Following that, to clarify the Hybrid-MTDC system
mathematically, the LCC and MMC mathematical models
can be described by the switching function method [18]. The
LCC equivalent models and the MMC equivalent mathemat-
ical models, including the control system, are constructed in
Appendix (B1)-(B3) and (B4)-(B11). The general model of
the DC network in the Hybrid-MTDC system is deduced in
(B12). The schematic diagram of the converter stations and
corresponding control systems is depicted in Fig. 2, and the
physical meanings of the variables are listed in Tab. 1.

To facilitate the expression of the system model, the sub-
scripts Xygc/p/udc/dcl are used to distinguish the function type
of the converter stations, while the superscripts X-CC¢/MMCj
are used to distinguish the number of the converter stations.
From (B1)-(B12), the state vectors of the Hybrid-MTDC
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TABLE 1. Physical meanings of the variables.

Vector Physical meaning Variables
PCC voltage Vpced -, Vpeeg D)
Vcrzd( CCi), Ver (LCC:),
a1 HCD_ (OO
X, L AC filter Vcrgd(,]‘(fg; Ver3 ((]IZZ’),
. Verdd <, Verag ",
(i=1,2...N1) i12g B, ierq(LCU)’
AC current i D, i D
DC current controller Liorm e "D, 13 LD
PLL o D, oD
PCC voltage 1 "MD | 4y MHD
AC current i MMD | MMD
DC voltage component of e L MO
SM capacitor Cde
1st voltage component of (MMC)) (MMC))
SM capacitor HC actd s Heactq
X, MMG 2nd voltage component of mC) ey
(=1,2...N2) SM capacitor e ac2 > e ac2q
Xy M9 3rd voltage component of (MMC)) (MG
(j=N2+1) SM capacitor He ek HC ey
2nd arm current component eira D i MMD
Measured PCC voltage and U™ D 4y VD)
current I J gD
Active power or DC (MMG)) . (MMC)
voltage controller n »
Reactive power controller X, MMED . (MMC)
Xt Direct voltage Ul
(= ;’122+ ,11;11+ Direct current Liet
e Proportional coefficient k,
Integral coefficient ki
system can be written as follows:
anl — F(XLCC1 , X;“ICCCN]',XZ}‘;IMC]', , XZ}t’lMCN2’
MMC (N2+1
XUdc (N2 )9Xdcl9 "'9Xdc(N1+N2+1)) (6)

Then, a 1%-order Taylor expansion is used to linearize
(6), and the optimal power flow control parameters in part.
A are set as the input reference value vector Uiy =
[U1,Usy...,U k]T. The observed output states are set as
the output vector Y, [Y1,Y2,...,Y,,]". Finally,
based on the state-space matrix method, the complete lin-
earization model of the Hybrid-MTDC system can be
expressed as follows:

Aanl = Anananl + ankAkal

)
AYm><1 = menAanl

where A, x, represents the state matrix; B« represents the
input matrix; and C,,x, represents the output matrix. Since
the model of the Hybrid-MTDC system does not have the
states directly formed by the reference value, there is no
direct transfer matrix D. When the system is running in

a steady state, A;xp 18 determlnecci(bg tll)le con'[cré)lzpall{ame—
LCC1 7,LCC1 MMC(N MMC(N2-+1)4T

ters K = [k gt k; ' of

the PI controllers in the Hybrid-MTDC system. Therefore,

according to the Lyapunov indirect method, the stability of
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FIGURE 3. Simplified model of an MMC station controlling the DC voltage.

the control parameters can be judged by

Re(L) < 0 & the system is stable
Re(A) > 0 < the system is unstable 8)
where INE — A, x| =0

where E is a unit matrix; A is the eigenvalue vector of the state
matrix.

Hence, taking different combinations of control parameters
MMC(N2+1) 3 MMC(N2+1

K = [kLCCI kiLdgCI""’kl ( +)k» ( +)]T and

using (6)- (8) for fast traversal calculations, the stability range

of the control parameters under small-signal disturbances on
the converter station layer can be obtained.

C. ADDITIONAL STABILITY CRITERION DEDUCTION

The MMC station, which control the DC voltage of Hybrid-
MTDC systems, is the most important part of the system
for maintaining its operation [6]. However, the system is lin-
earized by 1%'-order Taylor expansion around the equilibrium
point in the previous section, but no information is provided
about the range from the equilibrium point within which the
linearization would remain valid [23]. In engineering, more
stringent and specific stability and performance requirements
for DC voltage controllers are essential to guarantee reliable
operation. Hence, it is necessary to examine the global stabil-
ity of the DC voltage of the system.

Thus, the mixed-potential theory, a form of the Lyapunov
function construction method [24], is adopted to deduce
the large signal stability criterion for the DC voltage con-
troller of the Hybrid-MTDC system. When the other control
parameters satisfy the small-signal stability regions in (8),
the Hybrid-MTDC can be simplified as shown in Fig. 3. For
readability, the superscript MMC(N2+1) of the variables in
the DC voltage control station is omitted in this section. The
physical meanings of the variables are also listed in Tab. 1.

Because uy, is controlled near zero by the phase-locked
loop (PLL) during normal operation, substituting uy, = 0 into
(9), the output DC current of the station can be determined as
follows:

3. :
P = E(usdlsd + usqlsq) = Uqc - Lic 9
Busgisa
Ije = —— 10
dc 204 (10)

Based on the mixed-potential theory [23], [24], for the
simplified model of an MMC station controlling the DC
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voltage, the current potential of the non-storage electrical
elements can be defined as follows:

isq isd
/Z V;/.diu. = / (Uma — usq)disq _/ (Ruc‘l'Req)isddisd
0 0

W>r—+s
Lic IL
+ / Ugcdly— / UqedIL
0 0

.1 )
= (Umg — Msd)lsd_E(Rac'i‘Req)l?d + Uaclie
Udc 1
[ tadvac = 5 an
0 2

where L,; = Lt + Lam/2 is the AC system equivalent
impedance; R,y = Rr + Rupm/2 is the AC system equivalent
resistance; and Py is the output active power of the MMC
station; u,, is the rated voltage of the AC system

The energy of the equivalent capacitor on the MMC station
controlling the DC voltage can be defined as follows:

r+s
Y isvs = —Uae — 1)Vae = —Usclae + P (12)
S=r+1

where r and s are the branches of the current and voltage
variables.

By constructing the energy contained in the inductive,
capacitive and non-storage elements of the nonlinear circuit,
the Lyapunov function, which can be used to describe the
energy state of the simplified model, is obtained in unified
form as follows:

P(i,v)

= —A@) +BOW) + (i, yv — a)
r+s

:/ Z vdiy + Z isVs

w>r+s S=r+1

Reg + Rac)i2 Uae 1
w_/ Idchdc"r‘EPL (13)
0

= (Umd —Usd)isd —
where A(i) is the current potential function of the non-energy
storage components in the nonlinear circuit; B(v) is the volt-
age potential function of the non-energy storage component
in the circuit; y is a circuit structure-related constant matrix;
« is a constant vector; and (i, yv — «) is the energy of non-
energy storage elements and capacitors.
From Fig. 2, the mathematical model of the outer loop in
DC voltage controller can be deduced as follows:

dUgc 3 ( i+ i) P
eqg——— — —Ugqgls Ugglsg) —
eq dr 204 sd lsd sqlsq Use

isdref =kp1 (Udcref —Udac)+kit [ (Uderef — Ugc)dt
Usqd = Umd — Raclsa + L_aCReq Isd
eq
Leq +Lac

eq

(Q)Lisq —Kp3 (isdref —igq)— kp4 f (isdref —igq)dt

(14)
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Based on the 3-rd theorem of the mixed-potential theory
[23], [24], the stability criterion can be defined as below:

if w1+ u2 > 0and P*(i,v) — o0 as |i| + |v] = o0

1
M) PGi.v)+ 5(Pi. L7'P)

where P*(i, v) = < >

1
+§(Pv, CilPV)
1 = eig(L™' PA; (L), iy = eig(CT'/2Bu())C™1/?%)

aP(i,v) AP(i, v)
i= ) i =

di di

92A(0) 32B(v)

Aji(i) = TR Byy(v) = N
s5)

Here, eig(.) means the eigenvalues of the matric.
Substituting (9)-(14) into (15), the additional stability cri-
terion can be written as follows:

Reg + Rac
Lo + Leg
. Lac+Leq .
3lea'ref[( Tog )kplkp3 Ude — usa + (Req + Rac)lsdref)
12C,, U3,
NP,
——1 >0 (16)
6C,, U;.

where C.; = 6C;,/N and N is the number of the SMs. At the
same time, the system should also operate in compliance with
the power balance, i.e.,

3 . ;
Pp < E[usdlsd — (Rae + Req)l?d] a7

Since the Lyapunov function does not use linearization,
it can substitute the accurate abrupt value of the AC or DC
side to the criteria (16) and (17), to obtain the additional con-
straint of the control parameters of the DC voltage controller
under any large disturbance.

D. PARAMETRIC DYNAMIC PERFORMANCE ANALYSIS
Within the design-oriented boundaries of controllers, a para-
metric dynamic performance analysis method is needed to
optimize the control parameters of PI controllers on the sta-
tion layer. Using the Laplace transform, the matrix (7) can be
transformed into a transfer function matrix as follows:

Gii(s) Grals) -+ Gi(s)
AY 11 (5) G21(8) Goa(s) -+ Gok(s)
Gis)= ———m = . .
AUjx1(s) : :
Gut(®) Guas) - Gui))
AY 1x1(5) = Cruscn(SIyxcn _Anxn)ianxkAkal(s)

(18)
Without loss of generality, the transform function can be
written as below:
bos? + by1si7 4+ + by_15 + by
aps" +ays" 1V + - +a_1s+a,’

Gk (s) = g=r (19
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TABLE 2. Parameters of the Hybrid 3-Terminal HVDC study system.

LCCI1 System Parameters
AC system line voltage 525 kV
AC system frequency 50 Hz

Luc, Ly, Rae
AC filter resistance
AC filter inductance

AC filter capacitance

0.002 H, 0.0001H 0
R;1=83.32, Rpx=261.87, R3=29.76Q
L,;=0.0136, L,,=0.1364 H

C;=3.34, C;,=6.69 pF
C3=6.69, Cr4=74.28 pF

Current measure time T;, 1.2 ms
MMCl1 Parameters
AC system line voltage 525kV
AC system frequency 50 Hz
Lac, Rec 0.001 H, 0
L, R, 0.01 H, 0
Larm, Ram 0.05H,0
Submodule capacitance C,, 0.015F
Voltage measure time T, 0.5 ms
Current measure time T;, 0.5 ms
MMC2 Parameters
AC system line voltage 525kV
AC system frequency 50 Hz
Lac, Rac 0.001 H, 0
Ly, R 0.01 H,0
Larm, Ram 0.05H,0
Submodule capacitance C,, 0.015F
Voltage measure time T, 0.5 ms
Current measure time T;g 0.5 ms
DC Link Parameters
Smoothing reactor of LCC 015H
Lec
Resistor (Rg) /km 0.0125Q
Inductor (L) /km 0.88 mH
Capacitor (Cy) /km 0.013 pF
Reference value/Capacity Parameters
DC voltage r[jt};erence value 200 kv
Ac:tiveV apl(:lveveI:'Breference 1000 MW

Rated capacity of stations
SLCCBg SMMClB’ SMM(‘ZB
Operating DC voltage range

of the stations

5000, 2000, 3000 MW

95¢,<Uqc*<105¢,

where a; and b; are the coefficients of the molecular and
denominator, respectively. Following that, substituting a step
response into (19) yields the frequency-domain response
model, which can be transformed as a time-domain expres-
sion using the Laplace inverse as follows:

r .
Wi

AYy(t) = Laplace™ [AYy(s) = G (s)/s = ) m]
Jj=0 J
,
= Y (= /o} + ) 7 sin(wjt + )
Jj=ra+1
n 1
t 2 (m — 1)ij+m—1fm71€(“’+"”’>t
Jj=ri+1 )
8l
+ ) wielHet (20)
j=0
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,

where 1; is the solution of the eigenvalue equation ) bjsj ;
i=0

w; is the coefficient of each item after factorjization;

Aj = oj + joj; and ¢; = tan_l[%?].

When each state X of the system is taken as the output
variable, from (20), it is obvious that the eigenvalues of the
system state matrix A, x, can be divided into real eigenvalues
and complex eigenvalues. The real eigenvalues correspond
to a non-oscillatory mode. The positive real part represents
the nonperiodic divergence instability, and the negative real
part corresponds to the attenuation mode. The larger the
absolute value is, the faster the attenuation will be. Complex
eigenvalues of conjugate A; = oj + jw; correspond to the

oscillation mode. The damping ratio § = —oy/,/0} + w}
determines the attenuation speed of the oscillation amplitude.
In addition, the higher the damping ratio is, the faster the
attenuation will be.

Thus, the evaluation index for the parametric dynamic
performance analysis of the system controllers can be estab-
lished as follows:

F = Z;(:l Vi ok — 0| +Z;:1 Br |¢* — &
G = —ox/\Jof +wf (21)

where y; is the weight of the real eigenvalue, f; is the
weight of the oscillating modal damping ratio; and o* and
¢* are the ideal values. The minimum F means that the cor-
responding control parameters are with the optimal dynamic
performances.

In sum, the specific process of the proposed control param-
eter design method for Hybrid MTDC systems is depicted
in Fig 4.

|

|

3 - Additional Within Feasible
| Optimal Power Flow stability criterion Range of

i | Calculation for Hybrid MTDC for DC voltage

| Small-signal g Parameters

| (D-(5) R ESEE controller

i i Stabll(l%' ./(\sn)alysls 16)-(17)

! Penalty Interior Point t Based on System
! Calculation Method Lyapunov Function | | Model Eigenvalues,
| " Construction Calculate Objective
1 (A1)-(A6) .

! 9-15) Function

| @n

! Control Parameters on

| The System Layer ™-order Taylor| [ Simplified Model

I M M) L .

! (Uierst™ Pref ™ 1) Expansion of MMCU* Traverse the

i ranges and select
3 System Modeling the optimal

i (6)-(7) (B1)-(B12) parameters

I

FIGURE 4. Flow chart of the control parameter design method.

IIl. CASE STUDIES AND ANALYSIS

A. 3-TERMINAL HYBRID HVDC SYSTEM FOR MODELING
AND SIMULATION

A hybrid 3-terminal HVDC system is used to validate the
correctness of the proposed method, as shown in Fig. 5. The
parameters of the study system are referred to as the CIGRE
model and the existing projects, as follows:
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DC line /4

FIGURE 5. Hybrid 3-terminal HVDC system.

TABLE 3. Optimization power flow control parameters.

DC (1)1:0.5, (1]2:0.5 031:0.2, (,02:0.8 031:0, (1)2:1
nodes Ule P Use P Use P
(pu) (pu)  (pu) (p-u.) (pu)  (pu)
1 0.9988 3.9952 0.9989 3.9956 0.9995  3.998
2 0.9819 / 0.9820 / 0.9827 /
3 0.9711 19422 09710 1.9424 0.9686 2.5086
4 09777 19554 09779 19556 09797 1.3814
fi
0.0976 p.u. 0.0982 p.u. 0.108 p.u.
(loss) 976 p.u 982 p.u. p-u
f
(AU) 0.0066 p.u. 0.0062 p.u. 0.0048 p.u.

FIGURE 6. Hybrid 3-terminal HVDC simulation system.

B. OPTIMAL POWER FLOW CONTROL CALCULATION
According to the optimal power flow control calculation
method in (1)-(5) and (A1)-(A6), the control parameters in
the system layer are calculated in MATLAB for different
combinations of w; and w;. The results are shown in Tab 3.

Choosing w; = 0.5 and w> = 0.5 as an example, the control
parameters (I gccmcf, P%}WC, U%’r"’ef) of each station can be
obtain according to Tab 3, and then are set as the reference
control values of the stations in the simulation model and
the mathematical model, separately. According to the hybrid
3-terminal HVDC system structure, as shown in Fig. 5, a
mathematical model with 83 orders can be constructed and
linearized in the state-space matrix by (B1)-B(12). To validate
the mathematical model for the control parameter design
method, this paper establishes a simulation model for the
corresponding hybrid 3-terminal HVDC using the detailed
electrical model in Simulink, as shown in Fig. 6.

C. MATHEMATICAL MODEL VERIFICATION

The responses of the simulation and the mathematical model
after introducing a 26-kV step signal to the reference value
U ‘%%fc of MMC?2, which control the DC voltage of the sys-
tem, can be seen in Fig. 7.
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FIGURE 7. Dynamic characteristics of the system when the voltage is
stepped. (a) Response of the DC voltage. (b) Response of the DC current.
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FIGURE 8. Lyapunov indirect method verification. (a) Eigenvalue locus of
the system when k”{Mcz changes from 3 to 4. (b) Time-domain response

of the system with the critical control parameter values of the left and
right sides of the imaginary axis.

Fig. 7 shows the correctness of the model of the
hybrid 3-terminal HVDC transmission system. Since the
established model does not contain higher-order harmonic
characteristics, the fluctuation of the simulated wave-
form in the figure is larger than the fluctuation of the
model output, but the average outputs are basically the
same.

D. SMALL-SIGNAL STABILITY ANALYSIS VERIFICA-TION
AND FEASIBLE REGIONS

To verify the feasible control parameter regions under the
small-signal stability calculated by (7) and (8), the root tra-
jectory of the system is depicted in Fig. 8, when the gain
parameter k%MCZ of MMC2 is gradually increased. The two
values of k%M €2 with the eigenvalue crossing the imaginary
axis, are respectively analysed and compared under a small
step signal to the reference value U%’r‘;’fc of MMC?2 in the
Simulink simulation.

It can be seen from Fig. 8 that the PI control parameters
corresponding to the eigenvalues located on the left side of
the imaginary axis can restore a gradual stable state, while
the PI control parameters corresponding to the right side of
the imaginary axis are divergent. Hence, repeated calculation
by (6)-(8), the control parameter feasible regions with small-
signal stability can be obtained through traversal control
parameters, as shown in Fig. 9.

When the control parameters of LCC and MMCI1 satisfy
the range of Fig. 9(a) and (b), the specific criteria are further
added for the DC voltage control station MMC?2 in the next
part based on engineering requirements.
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FIGURE 9. Feasible regions under small-signal stability. (a) Control
parameter feasible region of the LCC. (b) Control parameter feasible
region of MMC1. (c) Control parameter feasible region of MMC2.
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FIGURE 10. Added criterion for the stability under 40% grid voltage
dipping.

E. ADDITIONAL STABILITY CRITERION VERIFICATION

To verify the correctness of the additional stability criterion
for the Uy, controller in the Hybrid-MTDC, a large step dip in
the grid voltage occurs in transient simulations to imitate the
practical grid faults. For instance, the grid voltage dips 40%
on the MMC?2 side in the hybrid 3-terminal HVDC transmis-
sion system, and the ramping process lasts for 100 ms. Using
(9)-(17) to calculate the constraints of these wide-ranging
disturbances of the AC system, the responding criterion of
the control parameters is plotted in Fig. 10.

Three sets of different control parameters are taken for
comparison verification, as shown in TAB 4, and the
responses of the simulations are compared with the calcula-
tion results.

The simulations are displayed as shown in Fig 11, while the
grid voltage UMMC? on the MMC?2 side dips 40% at 1.5 s.

It can be seen from Fig. 11 that only the system with the
PI control parameters within the additional criterion is able
to remain stable after the steps. It is proved that the when
the disturbance is beyond the linearizable range of the Hybrid
MTDC system model, the proposed method can effectively
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TABLE 4. Calculation results of 3 sets of control parameters.

Small-sienal Additional
No.  kyMMC K, MMC? 1 LoSIEN: stability
stability region constraint
a 3.800 0.48 Not satisfied Not satisfied
3.509 0.48 Satisfied Not satisfied
2.460 0.37 Satisfied Satisfied
=i -
" Tlme (s) (a)' “Til:l";e (s;n
_>; :t;
e 2.
ITar— ,.4Th:;e(s,; TR :(b)z- & R
g g
"Tin;e (s:)x h " Ti:ne (;;

(©)

FIGURE 11. Simulations for additional stability. (a) Unstable operation
with the grid voltage dip leading to state divergence. (b) Unstable
operation with the same dip. (c) Stable operation with the same dip.
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FIGURE 12. The impact of the control performance based on the region
in Fig. 10.

analyse the control parameters to maintain a stable range and
supplement the corresponding criteria in engineering.

F. PARAMETRIC DYNAMIC PERFORMANCE EVALUA-TION
INDEX AND OPTIMIZATION

Within the feasible range in Fig. 10, the evaluation index
for the parametric dynamic performance can be calculated
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FIGURE 13. The simulation responses of Uy 3. (a) The responses of U3

before and after the parameter +10% step adjustment. (b) The responses
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TABLE 5. Single performance indicator comparison.

10% DC voltage increase 15% DC voltage reduction
Overshoot Adjgstment Overshoot Adjgstment
time time
Bet- 5.9% 1.00s 12.0% 0.88s
opt
Aft- 500, 0.62 103% 047s
opt

using (21) through traversal control parameters. Because the
proposed evaluation index only needs to calculate the matrix
eigenvalues, the calculation is significantly faster than the
simulation analysis that requires discrete numerical solutions.
Then, taking the Uy, controller for instance, 3-dimensional
numerical coordinates describing the dynamic performance
of the system can be constructed, shown in Fig. 12. The
minimum values of the evaluation indices of the parameters
are taken as the control parameters after the optimization.

To validate the correctness of the proposed method,
the simulations are displayed as follows: 1) When the sys-
tem is running stably, the reference DC voltage U L/i‘Z:‘ZfC 2
is increased by 10% at 2.0 s. The response to this adjustment
is shown in Fig. 13(a). 2) The reference DC voltage U %%fcz is
reduced by 15% at 2.0 s, and the response to this adjustment
is shown in Fig. 13(b). Both experiments are carried out with
Simulink-based simulations.
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From the comparative analysis in Tab. 5, the parameters
after optimization (aft-opt) reduce the overshoot and the
adjusting time of the responses, thus verifying the effective-
ness of the proposed control parameter design method.

IV. CONCLUSION

On the system layer, using the normalization processing
method, a system-layer objective function that considers both
the minimum network loss and the voltage offset is formed for
Hybrid-MTDC systems and solved with the proposed penalty
interior point method in this paper. On the converter layer,
using the state-space matrix method, a generic small-signal
stability range for each control parameter can be obtained by
the traversal calculation of the eigenvalues. Then, to iden-
tify the additional stable operating region for the DC volt-
age controller, an additional stability analysis based on the
mixed-potential theory is performed and the design-oriented
boundaries are generated and added to the feasible region.
Finally, within the design-oriented boundaries, a dynamic
performance evaluation function is constructed to optimize
the control parameters.

From a typical case analysis, utilizing the proposed
method, the system can run in the optimal power flow control.
Due to the addition of specific stability criteria, the system
can maintain stable operation over a large disturbance range.
Finally, within the design-oriented boundaries, the dynamic
performance of the system control is effectively adjusted to
the optimal state based on the proposed dynamic performance
evaluation function.

APPENDIX

A. PENALTY INTERIOR POINT METHOD CALCULATION
The optimality condition corresponding to function (5) can
be obtained as the Kuhn-Tucker condition:

Ly =f(x) = hy(x)y — g, (x)(z +x)
L; =h(x)=0
Lz —g(x) _l_gl =

(AD)

where h; (x) and g; (x) are the Jacobian matrix; L = diag{/};
U = diag{u}; Z = diag{z}; W = diag{w}; I =[1,...... 1.

The above equation is solved using the Newton method.
In order to reduce the dimension of the modified equation,
the approximate correction equation is given as follows:

H h(x) | [ Ax] [P ,:|
[[h;(x)lT 0 MAy__-—Ly (42
1.7z Az] [ -L71L,
= ’ ’ A3
[0 I HAI_ | L+ (g (x)1 Ax )
ruv-iwlfaw] _[-U7'Ly,
67 MAu-‘_th;(x)Ax} A9
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where
H = —f () = By ()y — g (0)(z + x) — g (x)[L ™
xZ — U 'Wlig. 01"
P =L, +g.(x) L7 Uy, +2ZL)) + UL, + WL,)].

By solving (A2)-(A4), the (k+1)-th iteration variables can
be obtained as:

Xjk+1 =Xjp +Axjk, j=1,...,NI+N2+1 (A5)
When (A6) is satisfied, the iteration terminates:
icn —a]
Xj,k

§ (A6)

B. SYSTEM MODELING

The LCC equivalent model can be divided into connected
AC system and equivalent converter. The AC system can be
described as

{disd/dt = (_Vpccd — Racisa + Uy sin(—xprr))/Lac—o - isq
disq/dt = (_Vpccq - Racisq + U cos(—xprr))/Lac+ - isd
(B1)
where R, and L, are the equivalent impedances of the AC
system. Uy, is the equivalent voltage amplitude of the AC
system.
Also, if the AC filters are included in the LCC side, it can
be deduced as
deccd/dt = —® - Vpeeq T e1(verad — Vpccd) + ex(verad
_Vpccd) + (isd — iLr1d — iLr2d — ked)/Cr1
deccq/dt = W " Vpeed T+ el(VCqu - Vpccq) + e2(VCr3q
+Vpccq) + (isq - iLrlq - iLqu - icq)/Crl
dvcraa/dt = e3(Vpeed — Verad) — @ - Veraq + iLeid/Cr2
dVCr2q/dt = eS(Vpccq - VCqu) + w-verd + iLrlq/CrZ
dipr1q/dt = (Vpccd —veed)/ Ll — o - iLrlq
diLrlq/dt = (Vpccq - VCr2q)/Lrl + w-ird
dvcrza/dt = es(Vpeed — Versd) — @ - Verzq + iLed/Cr3
dversg/dt = eq(Vpeeq — Verdg) + @ - Verad + iLq/Cr3
dveraq/dt = —w - veraq + iLed/Cra
dverag/dt = o - vepad + iLg/Cra
dip2q /dt = (Vpeed —Ver3d —Verdd —Ry3iLend) /L2 — o - iLng
digr2q/dt = (Vpeeq —VCr3q— VCrdq — Rr3iLizg)/ L2+ - iLi2d

(B2)
The equivalent converter of LCC can be deduced as
. 2V3 cosa + cos (o + u/2)
ied = 2lacckr 51%742)( )
«/7% - +cos (@ +u/2)
. 2 . . _, cosa+cos (a+u
ieq=2laeek == S0 sin(eos ™ ( )
T 2
(B3)
— ﬁ X1lder . 1
where . = arccos(cos o — W) —a; o is the delay angle

of thyristor conduction.

18678

The controllers of the LCC stations, as shown in Fig. 2 can
be described as

T o= kpdc(léggf — Laem) — kide f (]‘i(;gf — Laem)dt

2 3. 2nfL,
Udc = THEK cosa — Tnldc (B4)
dxprr/dt = —kpprrusg — kiprr [ usqdt

w = wo + dxppy /dt

where E is the equivalent voltage amplitude of the AC system;
K is the ratio of converter transformer; n is the number of six-
phase pulsating converters.

The MMC equivalent model also can be divided into con-
nected AC system and equivalent model of converter. The
description of AC system is the same as the LCC side. And
the equivalent model of converter primarily consists of the
SM capacity, which can be described as

1 Usq isq
e +
6Cn T 4C, Uy

Usdisq
4Cm Udc

duC_dc/dt =

Ucirdlcird
2Cm U, dc

Ucirg icirq
2Cm Uac

(B5)

where

| Ljcugq
lsd —
4C,, .3CmUdc .
_ Ucirdlsd

4Cm Udc

duc_ge14/dt = —WUC_aclqg —
_ usqicirq . Usdicird . Ucirglsq
2Cm Udc 2Cm Uldc 4Cm Udc

du /dt = wu i dellsq
C_acl = C_acld — 5~ lsq —

_aclg _ac 4C, sq 7 3 CnUse
Usqlcird _ Ucirglsd

2CuU4e  4CnUge

Mcirdisq
4CnUqc
(B6)
duc_qc2q/dt = —wuc ac2qg + Licira’ + facteira
- T 2Cp, ) 3C, Uy
_ Usglsq Usdlsd
4Cm Udc 1 4CmUdc
duC_ach/dt = w“C_ach"" Eicirq.
Usdlsq Usqlsd

4CuUg4e 4CnUge

_ Usd icirq
2CnUge

Idc”cirq
3CnUge

(B7)

icirq Usd Usq Lcird

d 3x/dt =3 - -
UC ac3x/ WUC_ac3y 2CUge ] 2CuU4c
_ Ucirglsd
leirgUsq _ Usd Lcird
2CuUge 2CuUqc
_ Ucirglsg  Ucirdlsd

Ucirdlsq

d”C_ac3y/dt = —3wuc_ac3x —

(B8)
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And the differential equations of circulating currents are

. . Nuc_ac2a Nuc_dcicird  Rarm .
dicirg /dt = _2601cirq_ = - — - Leird
2Larm UdgcLarm Lam
4N UC_acldUsd — UsqUC_aclq
2UgcLarm
N UC_ac3xUsq — UsdUC_ac3y
2U gcLarm

UC_ac2q NuC_dcicirq Rarm .

divirg/dt = 2wigirg — i
q cir cirg
2Larm UdcLarm Larm
4N UC_aclqUsd — UsqUC_acld
2UgeLarm
4N UC_ac3xUsq — UsdUC_ac3y
2UgcLarm
(B9)

where C,, is the capacitance of SM; N is the number of SMs;
Ley = Lt + Lgy/2 is the AC system equivalent impedance;
Req = Rt + Rypn/2 is the AC system equivalent resistance.

Finally, the double closed loop vector controllers of the
MMC stations can be described as

3 . 3 .
X1 =f (PMMC__usdlsd - zusqlsq)dt OVf (U%]rwfc_(]dcm)dt

ref 4

. 3.
X2 = f (Qref - Eusdlsq + zusqlsd)dt

isdref = kpl(Pref - Eusdisd - Eusqisq) + ki1x1 or
kp1 (UenE = Udem) + kinx1

. 30 3.
Lsgref = kpZ(Qref - zusdlsq + zusqlsd) + kix2

x3 = [ (isdref — isa)dt

X4 = f(isqref — igg)dt

Ucdref = Usdm — WLegisg — kizx3 — kp3(isdrer — isam)
Ucgref = Usgm + WLegisq — Kiaxq — kpa(isgrer — isqm)
dutsgm/dt = (usq — thsam)/Tusd

dusgm/dt = (Usqg — tsgm)/ Tusq

disim/dt = (isa — isam)/ Tisd

disgm/dt = (isq — isqm)/Tisq

(B10)

where Tysq, Tusq, Tisa, Tisq are the time of measurement.
The circulation suppression controller is expressed in d-g
coordinates as

Ucird = —20Lgpmicira — kicir f (icirdref — lcirg)dt
_kpcir(icirdref — lcird) (B11)
Ucirg = 26()Larmicirq — kicir f (icirqref - icirq)dt
_kpcir(icirqref - icirq)
The DC line is an equivalent circuit of w type, shown in
Fig. 14, and the current on a DC line can be represented as
dlgei
dt
where Ry and L, are the equivalent resistance and inductance

of the DC line between node i and j; 1. represents the DC
current.

Ly = Uqci — Uacj — Ralaci (B12)
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FIGURE 14. Equivalent circuit of DC lines.
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