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Abstract

This paper discusses the elimination of DC voltage deviation and the enhancement of load current sharing accuracy in
multi-terminal high voltage direct current (MT-HVDC) systems. In order to minimize the power line losses in different parallel
network topologies and to insure the stable operation of systems, a decentralized control method based on a modified droop
control is presented in this paper. Averaging the DC output voltage and averaging the output current of two neighboring
converters are employed to reduce the congestion of the communication network in a control system, and the decentralized
control method is implemented. By minimizing the power loss of the cable, the optimal load current sharing proportion is derived
in order to achieve rational current sharing among different converters. The validity of the proposed method using a low
bandwidth communication (LBC) network for different topologies is verified. The influence of the parameters of the power cable
on the control system stability is analyzed in detail. Finally, transient response simulations and experiments are performed to
demonstrate the feasibility of the proposed control strategy for a MT-HVDC system.

Key words: Current sharing accuracy, Droop, Multi-terminal high voltage DC (MT-HVDC), Optimization, Power line loss
minimization

effective to use DC power to transmit the generated power

[. INTRODUCTION . . . . .
U from wind turbines to onshore stations. Since offshore wind

With the increasing penetration of HVDC grids into farms usually consist of several terminals [9], [10], different
modern electric systems, multi-terminal HVDC (MT-HVDC) network configurations for MT-HVDC systems are formed.
systems are gaining more attention [1]-[4]. Compared to There is also an increasing awareness of the current
conventional AC electric grids, DC grids have several distribution in MT-HVDC systems. A reasonable sharing
advantages, such as the absence of reactive power and proportion should be determined to obtain efficient operation
harmonics, independence from synchronization, higher from the overall DC system. Several current sharing methods
efficiency, etc. [5], [6]. In offshore wind farms, considering can be found in the existing literature, e.g. master-slave
the capacitive impedance in the sea, transmissions based on control [11], average current control [12], etc. Considering
AC coupling cannot be used [7], [8]. In this situation, it is that different DC terminals may be far from each other, and

Manuscript received Jun. 26, 2015; accepted Jul. 1, 2016 that the transmission line impedance impacts the stability of

Recommended for publication by Associate Editor Kyeon Hur. control systems, droop control is a suitable current sharing

+Corresponding Author: wlsong139@126.com
Tel: +86-15645073688, Northeast Forestry University R ]
*College of Mechanical and Electrical Engineering, Northeast Forestry However, droop control has two limitations [14]. First, DC
, University, China output deviation is involved by the droop action. Second, the
School of Electrical Engineering and Automation, Harbin Institute of
Technology, China . . .
" Electrical Engineering and Computer Science Department, University the power line loss. It is necessary to solve these problems in

of Tennessee, USA order to enhance the performance of droop control. An

method due to its low communication dependency [13].

load current sharing accuracy is degraded when considering
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improved droop control method was proposed in [15]. This
method can be used to efficiently compensate the voltage
drop and enhance the load distribution accuracy
simultaneously. It can also be extended to alleviate the
communication stress and to consider both radial and meshed
configurations. In [16], the average voltage and average
current of the two adjacent converters are selected as control
variables, so that the communication traffic can be solved.
Although this is suitable for the low voltage level
transmission lines of DC microgrids, it is insufficient for
MT-HVDC systems since the impact of the transmission line
parameters is not comprehensively studied.

In this paper, information on the control variables for each
converter is transferred through a LBC network, and the
influence of DC cable impedance on the modified droop
control system stability is discussed. The optimal current
sharing proportional is obtained by power line loss
minimization in MT-HVDC systems. Finally, both meshed
and radial architectures are studied. Simulation results
demonstrate the feasibility of the proposed method based on
variable parameters. Section II introduces the MT-HVDC
network configurations. This is followed by analyses of the
current sharing issues and power line loss minimization.
Meanwhile, the impact of MT-HVDC system parameters on
stability is discussed in Section III. Section IV presents some
simulation and experimental results, and Section V concludes

the paper.

II.  ANALYSIS OF MT-HVDC NETWORK
CONFIGURATIONS

The converter stations can be connected either in series or
in parallel to form a MT-HVDC network configuration. All
of the converters need share the same current result when a
no series-connected MT-HVDC system was used. At present,
the interface converters are parallel-connected with each
other. The configurations of the MT-HVDC are generally
divided into two groups, namely meshed and radial [17]-[19]
networks, as shown in Fig. 1.

A. Pi-Section Line

For MT-HVDC system DC cable transmission lines, the
resistance, inductance, and capacitance are uniformly
distributed along the line.

An approximate model of a distributed parameter line is
obtained by cascading several identical pi-sections [20], as
shown in Fig. 2.

The rilicy elements of land or sub-marine long
transmission line sections are calculated by using the
following equations [21]:

I, = 0.05+o.21n(K'd

)[mH/km] (1)
where K is the trefoil or flat formation, d is the distance
between the conductor axes, and 7, is the conductor radius.
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Fig. 1. Network configuration of MT-HVDC system (a) radial (b)
meshed.
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Fig. 2. Pi-section line model.
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where ¢, is the relative permittivity of the insulation, 7y is the
external radius of the insulation, and 7; is the radius of the
conductor, including the screen.

Considering the previous analysis and a Thevenin
equivalent circuit, equivalent simplified models of the
MT-HVDC are shown in Fig. 3 (a) and (b). Z; is the
equivalent impedance of the DC transmission lines between
different converter stations in a radial configuration. Z; |, Z,,
Z,; and Z;; are the equivalent impedances of the DC
transmission lines between converters in a meshed
configuration.

B. Radial Configuration

The DC circuit of a MT-HVDC system consists of a large
capacitor at the converter station and a DC cable. According
to Kirchhoff's law, the following circuit equations can be
derived from Fig. 3(a):
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Fig. 3. Simplified model of MTDC network configuration. (a)
Radial. (b) Meshed.

dvy, dv
Iy =gy = Cpyg— =1, ¢, —= 3
cci dei dci dt iL™~L dt ( )
3
lL = Zicci (4)
i=1
v, =i R &)

Because of the DC side capacitance, Cgy, is normally
selected to be large enough so that Cy.; >> Cy;. For brevity, it
is assumed that Cy,; + Cr; = Cy;. The load voltage can be
expressed in (6):

dv,, ©

dt dt
where vg; and iy are the DC side output voltage and current of
the interface converter #i (i=1, 2, 3), v, and i, are the load
voltage and current, i is capacitor branch current, i.; is the
current of the transmission line, and 7, [; and ¢, represent the
DC cable transmission line impedance parameters. By
combining (3)-(6), the relationship between the DC side
output current and output voltage for converters #1 ~ #3 can be
written as:

Vi = Ve ~ Ll (g = G

Maeil = [YrI[Vaeil @)
where the matrix Yy is obtained as an admittance matrix with

the radial configuration, which is a 3%3 incidence matrix of the
directed graph describing the DC network. The full matrix
representation is provided in the appendix.

C. Meshed Configuration

Fig. 3 (b) shows an equivalent circuit of the MT-HVDC
system DC side for the meshed configuration. The
relationship of the DC side voltage among the converters #1,
#2, #3 and the load is derived as:

dv
Vdcl ZL] (ldcl dcl dd;l ) = Vload (83)
. dvy,
Viea — Zp (f4r = Cyer ddtz ) = Vi (8b)
. dv,,
Vas = Z13(lgs = Cys d(; Y)= Vioad (8c)

where Z, is the parallel impedance of the DC cable between
converter #2 and the load, which is equal to:
Zp :(ZL1+ZIZ)//(ZL3+ZZ3) )
Based on Fig. 3(b), the load current #,,4is obtained as:

dv,, v,
lod = Z(chz — L ; )—Cis dltd (10)

where Cy3. = Cp + C3L

Combining (8a), (8b) and (8c), the load voltage is
calculated from the product of the load current i; and the load
resistance Ry. The DC side output currents of different
converters in a meshed-configured MT-HVDC system are
shown as:

Hacil=[Ym][Vacil (1)

The matrix Yy is a 3%3 bus admittance matrix of the DC
network for the meshed configuration, which is similar to Yy
A detail admittance matrix is given in the Appendix.

III. PROPOSED OPTIMAL METHOD BASED ON
DROOP CONTROL

A. Modified Droop Control Scheme

While relying on the local DC bus voltage signal for the
form of the droop control, the voltage-current relation at the
traditional droop control [22] can be expressed as:

L
=V — K — Iy (12)

where vy, and vy, respectively the reference value and the

vdci

actual value of the output voltage on the DC side at converter
#i (i=1, 2, 3), my is the droop coefficient, and £; is the current
proportional sharing index.

In order to study the current sharing between different
converters in a MT-HVDC system, a decentralized method
based on droop control is proposed to solve this problem.
According to (12), it can be seen that the given value of the
DC side output voltage linearly decreases with an increase of
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Fig. 4. Modified droop control diagram.

the DC output current. Since there is no reactive power in the
DC side of the MT-HVDC system, only the active current
sharing accuracy should be noticed. In general, the
consideration of the line impedance is inevitable due to the
high DC output voltage, especially for cases with long power
transmission lines.

In this paper, DC voltage deviation is eliminated and
current sharing accuracy is enhanced by adding two
compensation controllers to the reference value of each DC
voltage. Meanwhile, the communication data of the
compensation controllers are transferred from two adjacent
converters through an LBC network. These controllers are
achieved locally and it can achieve decentralized control. At
the same time, the load current can achieve proportional
sharing by compensation controller II. Then the current flow
of the sharing system is modified by the outer control loop.
Finally, the sharing of the DC output current is enhanced. The
output voltage reference value of each converter can be
obtained as:

m
0 .
- Laei ” GLPF

c k.

i

_ *
Vaei = Va

« Vae-n) T Vacinn
+Gpiv (Ve — 2 -Gy) (13)

[ PN
dci de(i-1) de(i+1)
~G (AL -0 . G))

Compensation controller
where Gpris the low pass filter, and the cutting frequency f;
is set to 20 Hz. Vy(i1), Vac(i+1)s ldeg-1) and igei+1y are the DC side
output voltage and current of the converters #(i-1) and #(i+1).
G,iv and Gy are the transfer functions of the compensate
voltage and current PI controllers, and the communication
delay is shown as Gy, which can be expressed as follows:
1
Clrs
The conventional droop curve and the modified droop
curve are drawn based on eq. (13) in Fig. 4. The actual
operating points, i.e., vq; and iy, are obtained when the

(14)

d

system is in the steady state. After the compensating
controllers are activated, the updated operating point is
shown on the same figure of the droop curve.

In Fig. 4, the area with red shadowing is the voltage
variation range with the traditional and the modified droop

controls. The wvariable A v is determined by the
compensating voltage controller and the optimal current
sharing controller in eq. (13).

B. Impact of the MT-HVDC System Parameters on
Stability

In order to ensure the stability of the control system, the
effect of changing the parameters of the power cable and
communication delay is necessary. Substituting (7) and (11)
into (13) yields:
""moGLPF)_2k1]Vd»Cl

vdc

v C.
G, =2Y,(G,. +myGypp) =k G, G, ]% (15a)
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v
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de

=-2k(1+G,,)
where Y; (i, j=1,2,3) represents the element of the incidence
matrix Yy and Y.

Based on the aforementioned theoretical derivation and
analysis, combining (15a) - (15c¢), the closed-loop transfer
function v4¢;/V3. can be obtained. The stability of a
MT-HVDC system with radial and meshed configurations
can be tested by analyzing the closed-loop poles of the
characteristic equation while varying the parameters of the
transmission line and communication delay. Taking the
control diagram of an arbitrary converter #i (i=1, 2, 3) as an
example, the closed-loop dominant poles for the radial
configuration are shown in Fig. 4.

It should be noted that the DC transmission line
capacitance affects the twelve dominant poles of the
closed-loop system in Fig. 5(a). When increasing the
capacitance from 0.2 pF/km to 0.6 uF/km, the eight dominant
poles are forced to move following the traces I ~ VIII, and the
other four poles are kept in the same position on the left half
of the s-plane. The black arrows indicate the movement of the
poles due to such variations. Traces I, II, V, VI, VII and VIII
gradually move towards the imaginary axis. Among the
different traces, Trace V and VI are closer to the imaginary
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Fig. 5. Closed-loop dominant poles for varying parameters of the
radial configuration.

axis, which challenges the system stability. Traces III and IV
move away from the imaginary axis. P; ~ P, are kept in the
same position on the left half of the plane. Hence, these
dominant poles do not have a significant impact on the
stability of the control system.

The transmission line inductance was changed from
0.3mH/km to 0.7mH/km, and the traces of the most critical
dominant poles are zoomed in Fig. 5(b). Traces I ~ VIII are
similar to the case of the capacitance. Among these traces, the
critical traces V and VI are closer to the imaginary axis, and
traces VII and VIII move faster toward the imaginary axis
than in the case of the capacitance. However, there are no
poles beyond the imaginary axis on the right half of the
s-plane. However, the transmission line inductance becomes
as large as 0.7mH/km. Traces IX and X move away from the
imaginary axis. P; and P, are kept in the same position.
Therefore, system stability can be ensured.

As shown in Fig. 5(c), it can be seen that traces I, II, VII
and VIII also move slowly toward the imaginary axis when
the resistance is changed from 0.03 Q/km to 0.07 Q/km,
while traces V, VI and XI are closer to the imaginary axis,
which challenges the system stability. The trend of traces III,
IV, IX, X and XII are opposite the other traces, and they
gradually move away from the imaginary axis. In this case, P;
and P, are also located on the left side of the real axis, while
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Fig. 6. Closed-loop dominant poles for varying parameters of the
meshed configuration.

these two poles move toward the imaginary axis.

Fig. 5(d) shows the location of the dominant closed-loop
poles while varying the communication delay from 1 sto 10 s.
In this case, P; - Ps remain on the left side of the s plane and
is keep at the same position. This is are different from the
above three cases. Traces IX and X move away from the
imaginary axis, which has little effect on the system stability.
When traces XI and XII move towards the imaginary axis,
the stability of the control system cannot be guaranteed when
the LBC delay is too large.

A stability analysis of a MT-HVDC system with the
meshed configuration is shown in Fig. 6. There are only four
closed-loop dominant poles, which is different from the radial
configuration. Fig. 6(a) shows that poles 1, 2, 3 and 4 are
located on the left side of the imaginary axis and do not move.
Although the DC cable capacitance is increased to 0.6 puF/km,
it does not have an impact on the control system stability.

Fig. 6(b) shows the effect of the inductance. P, and P,
move toward the imaginary axis, and the terminating points
of these traces are far from the imaginary axis. P; and P, are
the same as the case of the capacitance. As observed, the
dominant poles do not move much and they are still located
on the left half of the s plane. Therefore, the system is stable
when the DC cable inductance varies.

The closed-loop dominant poles for different cable
resistance are shown in Fig. 6(c). When the values of the
other parameters are fixed, the value of the resistance varies
from 0.03 Q/km to 0.07 Q/km. All of the traces moves
towards the imaginary axis except trace IV, which is different
from the cases of the capacitance and the inductance.
However, although the resistance becomes as large as 0.07
Q/km, traces I ~ III are also located on the left half of the s
plane. Hence, the system stability can be guaranteed for
different line resistances in a reasonable range.

The closed-loop dominant poles of VeV . for different
LBC delays are shown in Fig. 6(d), where traces I and II
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Fig. 7. Optimal current proportional sharing accuracy diagram based on modified droop control.

move toward the left half side of the real axis. Trace III
moves away from the imaginary axis, while Trace IV moves
toward it and is closer to the imaginary axis. From the above
descriptions of the traces, it can be seen that a large
communication delay leads to control system instability. The
LBC delay is an important factor in the stability of the control

system.

C. Power Line Loss Optimization

To improve the overall efficiency of the system, an optimal
current sharing strategy is proposed in this section to
minimize the total power loss in the network. The proposed
strategy includes two steps: In the first step, an optimization
model is built to determine the voltages of the DC terminals
with the objective of power loss minimization; in the second
step, based on the optimal DC voltages, the load current
sharing accuracies k;: k»: k3 can be obtained according to (15).

Optimization models are built for the different network

topologies. Taking the MT-HVDC system with three DC
terminals as an example, all three of the DC terminals are
used to feed the load at the point of common coupling (PCC).
The optimization formulations for the radial and meshed
networks are expressed as (16) and (17), respectively.
1) Radial Network: In the radial configuration, vy, is the
voltage across power cable between converter #i and the load.
R, is the resistance of the line between the #i DC terminal
and the load.

— 2 2 2
/’i1 - rrvlln Ploss radial — vdclL/RlL + VchL/RZL +vchL/R3L
st I/dcmm<vdcz<Vdcm.ax’ lEN
I/me - vL < VvLmax’ MPPT > Pdc[ (16)

Vaerr > 05 Vo, > 0505 >0

Vaell = Vaer ~V05 VoL = Vaer Vs VasL T Vs WL
Vo=V, V.,—=V, V.=V
— dcl L dc2 L dc3 L
v, =( + + )R,

RIL R2L R3L

2) Meshed Network: In the meshed configuration, vy, and
vers are the voltages across the power cable between
converter #1 (#3) and the load, v4.1» and vy,; are the voltage
across the power cable connecting converters #1, #2 and #3.
Ry, and Ry; are the equivalent resistances of the land cables
between converter #1 (#3) and the load. R, and R,; are the
equivalent resistance of the submarine cables between
converter #1 (#3) and converter #2.

2 2 2 2
V v A% A%
dcL1 dcl2 dc23 dcL3
/’l n"}lln Ploss mesh — R R R + R
dei L1 12 23 L3
S.t. Vdcmm - Vdcr - Vdcmax’ l € N
VLmin S vL S VLde >+ MPPT > Pdcl
Vaerr > 03Vge12 > 05V5005 > 05045, >0
Vaet1 = Vaer ~Ves Vaerz = Vaer ~ Vet
VaerlL = Va2 7 Vaess Vaers = Vas ~ VL
2% -V, A% -V
v, :( del L 4 Zde L)RL (17)
R R
L1 L3

where A; and A, are the total power losses in transmission line
with radial and meshed configuration, respectively. R, is the
load resistance, V. and Vini, are the upper and lower limits
of the load voltage, Vimin and Vyemax are the minimum and
maximum DC voltages of the DC terminal #i. N is the set
of DC terminals. Pyppr is the maximum wind power. Py is
the DC output power in each converter. Since the output
power of a wind turbines should be no more than the
maximum power point (MPP), the constraint PMPPT > Pdci
need to be considered in the formulated optimization. This
constraint can be used to ensure that the output power of the
wind turbine does not violate its upper limit.

It should be noted that this optimization is a decentralized
approach which is performed locally without any centralized
controllers. The above optimization models can be solved
using the MATLAB optimization toolbox [23].

Based on the obtained voltages at the DC terminals, the



A Decentralized Optimal Load ... 2321

TABLE1
BASIC PARAMETERS OF THE SYSTEM

System Parameters

Reference value of DC output v 150 KV
voltage
Load resistance Ry 30Q
DC side capacitance Cac 250 pF
Droop coefficient my 3
LPF cut off frequency fe 20 Hz
LBC delay T 1s&?2s

Compensate Controller Parameters

Voltage Loop Current Loop
kp=0.1 k=10 kpe=0.1 k=524
TABLE I
DC CABLE PARAMETERS
Radial Meshed
Cable length(km) I Ly Ly I Ly I
Cable type Land Submarine Land
Power rating (MW) 250 250 250
Resistance (r1,£2/km) 0.0367 0.0366 0.0367
Inductance (/;;mH/km) 0.349 0.414 0.349
Capacitance (cppuF/km) 0.21 0.17 0.21

current sharing proportions ki, k, and k3 can be calculated by
(15). The proposed control strategy with optimal current
sharing accuracy is depicted in Fig. 7. It can be seen that the
optimization module generates the objective load current
sharing proportion, i.e. k;, k, and k;. Then, a control diagram
with the modified droop control method is employed to
ensure the required output current.

IV. SIMULATION RESULTS

In order to verify the proposed control method for a
MT-HVDC transmission system, MATLAB/Simulink is used
as the simulation environment to implement the advanced
droop control method with both the radial and meshed
configurations. The MT-HVDC system parameters are
summarized in Table I. The DC cable parameters are listed in
Table II.

A. Simulation Results of the Radial Configuration
MT-HVDC

The purpose of the simulation is to verify the stability of
the proposed control system and to test the responses for the
voltage restoration and the optimized current proportional
sharing accuracy. In Fig. 8, it can be seen that the
compensating controllers are activated at t = 2 s. Before 1 =2
s, the current proportional sharing accuracy is unable to meet
the optimal power line loss requirement. After # = 2 s, the DC
output current of each converter is gradually changed, which
matches the optimal current proportional sharing accuracy
kiky:k; = 0.79:1:0.66.
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Fig. 8. Transient response for voltage restoration and current
sharing accuracy in radial configuration.

Meanwhile, the DC side average voltage is increased by
2.88 kV and it is closer to the reference of each converter
DC-link voltage. When the cable length is fixed (/;;=100 km,
1,1 =80 km, /3;=120 km), the communication delay is changed
from t=1 s to =2 s as shown in Fig. 8(a) and (b). These two
cases have different adjusted times, 3 s and 6 s are needed to
achieve stability, respectively. The other performance indexes
are unchanged for the two cases.

In Fig. 9, the cable length is increased to /;;=150 km,
5,1 =130 km and /;;=170 km, respectively. By comparing the
results in Fig. 9 (a) with (b), it can be seen that an increasing
communication delay t results in a longer transient time.
However, there is only a very short oscillation and the whole
system reaches the steady state quickly. The optimal current
proportional sharing accuracy is ki:ky:k3 = 0.82:1:0.73 which
is changed with the increase of the cable length. In this case,
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Fig. 9. Transient response for voltage restoration and current
sharing accuracy in radial configuration.

the average voltage of the three converters DC side is
increased by 2.83 kV after the compensating controller is
activated at t = 2 s. The transient time duration is the same as
Fig. 8 (a) and (b). The DC output voltage of the converters
matches the optimization design.

B. Simulation Results of the Meshed Configuration
MT-HVDC

The voltage restoration and current sharing accuracy
transient responses for the meshed configuration are shown in
Fig. 10. The DC output current of each converter is gradually
adjusted, which matches the optimal current proportional
sharing accuracy ki:ky:k3=1:0.05:0.74. Meanwhile, the DC
side average voltage is increased by 2.54 kV and it is higher
than the rated value.

However, the maximum deviation is less than 5% of the
rated value. When the DC cable length is fixed (/ ;=100 km,
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Fig. 10. Transient response for voltage restoration and current
sharing accuracy in meshed configuration.

11,=70 km, [,3=60 km and /;;=120 km), the communication
delay is changed from 1=1 s to =2 s as shown in Fig. 10 (a)
and (b). The transient times are 2s and 4s, respectively. In the
meshed configuration, the transient time is shorter than that in
the radial configuration.

In Fig. 11, the DC output average voltage deviation is
increased from 2.54 kV to 5.32 kV when the DC cable length
is increased. However, the average voltage size is also kept in
the safe range of the converter output voltage.

The actual DC output current is proportional among the
three converters and matches the theoretical value
(ky:k2:k3~1:0.03:0.88) of the current proportional sharing
accuracy according to the optimal power line loss.
Meanwhile, after starting compensating control at t=2 s, the
whole control system needs two LBC sampling periods to
meet the steady state in different time delays. In this paper,
the meshed configuration was chosen and the middle of the
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TABLE III
OPTIMAL CURRENT SHARING AND MINIMIZATION POWER LINE LOSS IN DIFFERENT CASE

Radial configuration

Meshed configuration

DC cable Length (km) 1n=100; 1, =80;

llel 50, ZZLZI 30,

lLl=100; IL3:120; lL1=150; lL3:170;

ISL:120 ISL:170 112:70; 112:60 112=120; 112:1 10
Optimal current sharing 0.8:1:0.68 0.82:1:0.73 1:0.05:0.74 1:0.03:0.88
(koml -koptz ~kor>t3)
Without
Power line Proposed 1.3825%10° 1.5509%10° 1.5202x10° 1.7206x10°
loss strategy
minimization With
(kW) Proposed 2.9505x10* 4.3576x10* 4.5185x10* 6.5995x10"
strategy
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calculation, the numerical percentage of the minimization
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~ 2500 : \ iic3 accuracy of both the radial and meshed configuration are
< ¢ .
2000 shown in Table III.
o -
E 1500 =28
© \4 A
8 1000 [ Starting 2622:72:7306 = 1:0.03:0.88 | V. EXPERIMENTAL VALIDATION
500 lcompensate |
oL—r——x ide2 A 3 x 10 kW prototype with three converters is
P2 3 4 5 6 7 8 9 10 11 12 implemented to validate the proposed optimal current sharing

Time (s)
(b) 1,,=150 km, /,,=120 km, /,3=110 km, /;3=170 km, =2 s.
Fig. 11. Transient response for voltage restoration and current
sharing accuracy in meshed configuration.

converter was not connected to the load directly. The starting
procedure is determined by some factors in the system, e.g.
the DC output voltage of two adjacent converters, the DC
cable length, the lines impedance, etc.

proportion based on an improved droop control. A photo of
the hardware is shown in Fig. 12. The reference of the DC
output voltage is 380V, and the load resistance is 19Q. The
experimental results for the radial configuration are shown in
Fig. 13.

The optimal current sharing proportion ky,; = 0.97:1:0.94
can be calculated when the system power line loss is
minimized. The experimental results are similar to the
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Fig. 13. The experimental results of transient response for radial
configuration.

calculation value as shown in Fig. 13(a). At the same time,
when the system is in the steady state, the average DC output
voltage of all the converters is closed to 380V as shown in
Fig. 13(b), which means that the DC output voltage is
increased by 8.5V, and the maximum voltage error is 11.5V,
which is kept under 5% of the reference voltage.
Experimental results for the mesh configuration are shown
in Fig. 14 (a) and (b). The variation of the current sharing is
not really obvious after adding the compensating current
controller at t > 1 s. In this case, the optimal current sharing
proportion is similar to the traditional droop proportion
coefficient.
When the compensating voltage controller is activated at 1 s,
the average value of the DC output voltage is increased by 2
V. The corresponding maximum output voltage error is
smaller than that in the radial configuration. According to the
above analysis, the mesh configuration has some advantages,
e.g. current sharing accuracy and voltage regulating
capability.

VI. CONCLUSIONS

The modified voltage-current type droop control scheme
presented in this paper combines the advantages of an
increased average DC output voltage and decentralized
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(b) DC output voltage variation.
Fig. 14. The experimental results of transient response for mesh
configuration.

optimal current proportional sharing accuracy for power line
loss minimization in MT-HVDC systems. The key points are
summarized as follows:

(1) Simplified models of the different networks in
MT-HVDC systems are presented by cascading several
identical pi-sections, and the relationship between the DC
output current and voltage for converters # 1~ # 3 are
obtained.

(2) The decentralized control method is implemented using
the data of two adjacent converters, which reduces the stress
of the low bandwidth communication system.

(3) The stability of the control system is ensured by
observing the tendency of the closed-loop dominant poles
while varying the DC cable transmission line impedance
parameters and the communication delay time, respectively.

(4) Current sharing proportional accuracy is optimally
allocated to minimize the power line loss with a proposed
droop control method. Meanwhile, the DC output voltage
average value can be restored and each voltage is guaranteed
to be within the acceptable range.

APPENDIX

The elements of the incidence matrix Yg = [Y1; Y12 Yis;
Y21 Y22 Y23; Y31 Y32 Y33] are given in (Al)-(A9)
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Lyl (A+5sCo R +sl, 1, G, +SzcchLllzl_rLCL +S211LILC&IC
Y, =- +S3C:1CRL112LrLCL)(rL +SIL)Z TR (y +1y, +S122L13LrLCL +321221_53’101_
+sl32L12LrLcL +s2132L12LrLcL)(l +si, 1, Cy. +s211LlLCdc ) +sl)
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_ Ll sl Ly Co R (L8 oy + 8L e )r, +sl) (A2)
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2 272 2
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[Rorchily (s+ s+ R 1Ly
A=|HR el by (s+8)+R Uy Ly | +s) + 4, Ly Ly (1, +s1. )

HR ey by (s + sh)+ R 101y

The elements of the incidence matrix Yy = [Y1; Y12 Yi3;
Y21 Y22 Y23; Y31 Y32 Y33] are giVen in (Bl)-(B9)
I zzz,
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